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William  Benon  McClure,  PhD. 

The  University  of  Texas  at  Austin,  1992 

Supervisor  David  S.  Dolling 

This  experimental  study  has  examined  the  unsteady  flowfield 
associated  with  the  shock-induced  separation  of  a  turbulent  boundary  layer. 
The  intaaction  was  generated  by  a  28°  unswept  compression  comer  in  a 
Mach  5  airstream.  Perturbations  were  made  to  the  interaction  to  better 
understand  the  mechanism  responsible  for  the  separation  shock  dynamics,  as 
well  as  to  demonstrate  a  method  of  controlling  the  shock  motion.  High 
finequency  wall  pressure  measurements  were  used  to  track  the  time-dependent 
position  of  the  separation  shock.  Conventional  and  fluctuating  pitot  pressure 
measurements  were  used  to  quantify  the  spatial  mean  and  time-dependent 
extent  of  the  baseline  and  altered  interactions. 

Modification  of  the  baseline  interaction  focused  on  two  regions  of  the 
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flowfield.  Riblets  and  a  boundary  layer  manipulator  were  separately 
introduced  upstream  of  the  interaction  to  alter  the  near-wall  and  outer  region 
of  the  incoming  boundary  layer,  respectively.  Suction  was  applied  through  a 
slot  in  the  face  of  the  compression  comer  to  alter  the  interaction  downstream 
of  the  separation  line. 

Local  motion  of  the  separaticm  shock  is  associated  with  a 
characteristic  signature  in  the  wall  pressure  fluctuations  beneath  the  incoming 
turbulent  boundary  layer.  This  signature  approaches  the  separation  shock  at  a 
speed  equal  to  75%  of  the  fiteestream  velocity,  is  coincident  with  the  shock 
foot  at  the  time  of  its  motion,  and  continues  downsueam  after  passing  beneath 
the  shock.  The  shape  of  this  signature  is  dq)endent  only  on  whether  the  local 
shock  motion  is  upstream  or  downstream. 

Fluctuating  pitot  pressure  measurements  made  within  the  incoming 
boundary  layer  indicate  that  the  maximum  boundary  layer  interface  crossing 
frequency  is  about  five  times  that  of  the  maximum  separation  shock  zero 
crossing  frequency.  Power  spectra  from  these  pitot  pressure  data  exhibit  an 
increased  role  of  low  frequency  (<  2  kHz)  fluctuations  in  the  overall  variance 
of  the  signal.  This  frequency  range  closely  matches  the  dominant  frequencies 
found  in  wall  pressure  fluctuations  beneath  the  separation  shock.  Such 
fluctuations  are  not  evident  in  the  wall  pressure  or  freestream  pitot  pressure 
measurements  taken  upstream  of  the  interaction. 

Motion  and  location  of  the  separated  shear  layer  is  found  to  be 
correlated  with  that  of  the  separation  shock  such  that  the  overall  separation 
bubble  exhibits  a  "breathing”  motion.  As  shown  for  the  first  time  from  the 
results  of  this  study,  the  nootion  of  the  downstream  limit  of  this  bubble 
predominantly  lags  that  of  the  upstream  limit,  independent  of  the  direction  of 
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the  bubble  motion  (inflating  or  collapsing).  Motion  of  both  the  separation 
shock  and  shear  layer  seem  to  be  secondary  responses  to  primary,  but 
undetermined,  changes  to  the  flowfield.  Evidence  of  the  shear  layer  motion  is 
found  at  least  as  far  downstream  as  3.5  times  the  diickness  of  the  incoming 
turbulent  boundary  layer. 

No  correlation  was  found  between  the  dynamics  of  the  separation 
shock  and  the  size  of  the  separation  bubble.  No  changes  were  observed  in 
either  the  separation  shock  motion  or  the  overall  interaction  due  to  alteration 
of  the  near- wall  fluctuations  of  the  incoming  boundary  layer. 

In  all,  these  data  suggest  that  the  separation  shock  motion  and 
associated  flowfield  unsteadiness  is  primarily  driven  by  fluctuations  in  the 
outer  two-thirds  of  the  incoming  turbulent  boundary  layer. 

Of  the  control  techniques  applied,  only  the  boundary  layer 
maiupulator  reduced  the  overall  separation  bubble  size,  as  well  as  decreased 
the  range  and  strength  of  the  separation  shock.  This  was  primarily  attributed 
to  changes  to  the  inviscid  flowfield  and  a  resulting  weakening  of  the 
compression  comer  interaction.  Nonetheless,  this  is  the  first  demonstration  of 
altering  the  motion  of  the  separation  shock  in  a  favorable  manner. 
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Chapter  1 
Introduction 


1.1  Motivation 

The  mid-1980’s  saw  a  renewed  interest  in  hypersonic  flight  Motivated  by 
the  achievements  of  the  American  Space  Transportatiini  System  (Space  Shuttle), 
society  looked  to  the  technical  c(»nmunity  for  a  more  advanced  and  flexible 
successor  •  an  "aerospace  plane"  •  capable  of  beginning  and  ending  flight  in  a 
manner  similar  to  conventional  aircraft  Such  a  vehicle  promised  much  to 
commercial  economies  through  high  speed  international  travel  between  Western 
Europe,  North  America,  and  the  Far  East  This  technology  would  also  provide  the 
military  with  rapid,  flexible  reconnaissance  and  force  projection.  Significant 
advances  in  avionics,  materials,  and  simulation  capability  over  those  used  to 
design,  construct  and  fly  the  Space  Shuttle  have  led  some  to  believe  that  a 
hypersonic  demonstration  vehicle,  the  Defense  Advanced  Research  Projects 
Agency  (DARPA)  X-30,  could  be  flown  as  early  as  1992. 

Among  the  most  critical  technical  challenges  for  hyporsonic  vehicle 
aerodynamicist  is  the  accurate  prediction  of  the  intensity  and  frequency  of 
aeroacoustic  loads  (Jackson  et  al.  [1987]).  The  challenge  is  magnified  when 
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these  loads  are  considered  in  conjunction  with  the  extreme  surface  temperatures 
from  compression  and  frictional  heating  by  the  fieestream  and  boundary  layer,  as 
well  as  propulsion  system  exhaust  The  largest  aeroacoustic  loads  are  expected  to 
be  generated  in  regions  of  shock-induced  separation  (Zorumski  [1987]),  as  might 
occur  at  engine  inlets,  wing-body  junctions,  and  control  surfaces  (Fig  1-1).  The 
need  to  fly  at  relatively  low  altitudes  to  provide  sufficient  air  for  the  propulsion 
system  means  that  these  interactions  will  involve  turbulent  boundary  layers. 

Cunent  ground  test  facilities  are  incapable  of  simulating  most  of  the 
projected  X-30  flight  environment,  so  the  vehicle  design  will  rely  heavily  on 
numerical  predictitms.  The  accuracy  of  these  predictions  depends  on  a  correct 
physical  model  of  the  flow,  which  must  in  turn  be  validated  against  suitable 
experimental  data.  In  the  case  of  shock  wave/turbulent  boundary  layer 
interactions  (SWTBLJ’s),  most  of  the  experimental  studies  against  which 
numerical  results  have  been  evaluated  have  been  of  interactions  involving  simple 
shock  systems  and  geometries,  such  as  impinging  shocks,  cylinders,  blunt  fins, 
sharp  fins,  swept  and  unswept  compression  comers.  While  current  algorithms 
adequately  predict  features  in  many  of  these  interactions,  15  years  of  effort  has 
failed  to  produce  acceptable  comparisons  with  experimental  mean  surface 
pressure  distributions  and  velocity  profiles  for  the  separated  unswept  compression 
comer  interaction  (Wilcox  [1990]).  Efforts  to  reduce  these  discrepancies  have 
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focused  primarily  on  improvements  of  the  turbulence  model  used  in  the 
Reynolds-averaged  Navier-Stokes  equations,  with  the  most  recent  emphasis 
placed  on  multiscale  noodels  (Wilcox  [1990],  Goldberg  [1991]). 

At  the  same  time  that  these  improvements  in  computational  ability  have 
been  obtained,  recent  experimental  evidence  indicates  that  the  separated 
compression  comer  SWTBLI  is  hi^y  unsteady.  The  term  "unsteady"  is  used 
here  not  to  refer  to  the  unsteadiness  of  the  inconoing  turbulent  boundary  layer,  but 
(following  Thui  [1987])  to  a  state  where  the  characteristic  time  scale  is 
significantly  larger  than  the  reference  scale,  SAJ^  ,  and/or  the  spatial  excursions 
are  considerably  larger  than  the  characteristic  length  scale,  8.  As  discussed  in 
Chapter  2,  this  unsteadiness  is  not  primarily  the  result  of  turbulence  amplification 
by  the  shock  wave  -  which  might  be  predicted  by  turbulence  models  -  but  of  a 
moving  separation  shock  wave/conqnession  system,  distinct  from  the  shock  found 
in  the  inviscid  field.  Improvements  in  the  ability  to  predict  mean  flowfield 
features  are  therefore  overshadowed  by  the  fact  that  the  time-independent 
numerical  solution  which  matches  these  features  does  not  accurately  reflect  the 
true  time-  dependent  nature  of  the  interaction.  Given  the  critical  status  of 
predicting  and  designing  for  X-30  aeroacoustic  loads,  it  would  seem  that  the 
physical  model  used  to  predict  SWTBLI's  must  be  reexamined  to  account  for  this 


unsteadiness. 
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Unfortunately,  what  causes  the  shock  to  move  is  not  yet  known.  Further, 
studies  of  some  other  shock  separated  flows  (e.g.  blunt  fin  SWTBLI’s  (Dolling 
and  Brusniak  [1991]),  incident  oblique  shock  SWTBLI  (Hayashi  et  al.  [1989])) 
exhibit  the  same  kind  of  unsteadiness  as  found  in  the  unswept  compression  comer 
interaction.  Hence,  even  in  cases  where  numerical  predictions  of  the  SWTBLI 
flowfield  have  been  quite  successful,  some  of  the  important  physical  processes 
and  features  are  still  not  correctly  modeled. 

There  exists  a  need  to  develop  a  physical  model  which  explains  the 
mechanism  driving  the  motion  of  the  separation  shock.  Additionally,  from  a 
design  perspective,  diere  is  a  need  to  minimize  the  dynamic  loading  caused  by  the 
moving  shock.  Such  may  be  acconqrlished  through  designs  which  eliminate  or 
minimize  the  interacticm.  But,  where  this  is  not  possible,  a  method  of  ccmtrol  - 
preferably  passive  in  nature  -  could  be  used. 

1.2  Objectives  of  the  Current  Study 

The  current  study  is  part  of  a  larger  ongoing  effort  at  the  University  of 
Texas  at  Austin  to  understand  the  dynamics  of  unsteady  separated  SWTBLI’s. 
While  the  investigation  repmted  here  focuses  on  the  interaction  generated  by  an 
unswept  compression  comer,  parallel  investigations  are  being  made  for 
interactions  involving  swept  compression  ctnners  (Dolling  et  al.  [1991],  Erengil 
and  Dolling  [1992]),  cylinders  (Dolling  and  Bmsniak  [1991]),  and  sharp  fins 
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(Gibson  and  Dolling  [1991],  Schmisseur  and  Dolling  [1992])  with  the  goal  of 
developing  a  unified  model  which  will  account  for  the  similarities  and  differences 
observed  in  the  various  separation  shock  motions.  The  specific  objectives  of  the 
current  work  were  to: 

a.  to  gain  a  better  understanding  of  the  mechanism(s)  driving  the  separation 
shock  motion  in  a  turbulent  ccmipression  comer  interaction,  and 

b.  to  demonstrate  a  method(s)  of  influencing  and/or  controlling  the  separation 
shock  motion,  frequency,  and/or  strengdi. 

These  objectives  are  closely  linked  and,  as  such,  were  pursued 
concurrendy  by  examining  the  senadvity  of  a  baseline,  highly  separated  unswept 
compression  comer  interaction  to  quantified  perturbations. 

Answers  were  sought  to  the  following  specific  questions: 

a.  What  role  does  the  flow  downstream  of  the  traditional  surface  separation  line 
play  in  determining  the  dynamics  of  the  separation  shock? 

b.  What  role  does  the  incoming  turbulent  boundary  layer  play  in  the  separaticm 
shock  motion? 

Several  types  of  perturbation  were  applied  to  the  baseline  interaction  to 
aid  in  answering  these  questions: 

a.  modificaticm  of  the  separation  bubbleAeattachment  point  by  suction  applied 


near  reattachment, 

b.  modification  of  the  separation  bubble  size  by  removal  of  end  fences, 

c.  modificatitm  of  the  outer  region  of  the  incmning  boundary  layer  by  a 
boundary  layer  manipulator,  and 

d.  modification  of  the  near-wall  regi(»  of  the  incoming  boundary  layer  by 
riblets. 

The  investigation  was  experimental  in  nature,  using  both  fluctuating 
surface  and  pitot  pressure  measurements  to  quantify  the  time-dependent  flowfield 
behavior.  Simultaneous  data  acquisiticHi  allowed  deternmnaticm  of  global  changes 
and  correlation  of  linked  phenomena.  Re-examination  of  die  baseline  interaction, 
as  well  as  results  of  the  perturbatitxi  studies  sheds  new  light  on  the  overall 
flowfield  while  pointing  to  those  regions  of  the  interaction  to  which  the  separation 
shock  motion  is  most  sensitive. 

Chapter  2  sets  the  ctmtext  of  the  current  study  by  reviewing  the  body  of 
previous  woik  directly  related  to  this  investigatitxi.  Additionally,  Chapter  2 
briefly  discusses  the  background  for  the  perturbation  techniques  which  were 
applied.  Chapter  3  describes  the  experimental  program,  and  is  followed  by  a 
discussion  of  analysis  techniques  in  Chapter  4.  Chapters  S,  6,  and  7  present  a  re¬ 
examination  of  the  baseline  flowfield,  the  re^xmse  of  the  separation  shock  to 
perturbations  downstream  of  the  separation  line,  and  the  reqxmse  of  the 
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separation  shock  to  modifications  to  the  incoming  flowfield,  respectively.  In  light 
of  these  findings.  Chapter  8  discusses  implications  of  the  interaction  unsteadiness 
for  furtho-  study  of  this  flowfield.  It  also  summarizes  some  ideas  on  the 
mechanism  reponsible  for  die  motion  of  the  separation  shock.  The  results  of  the 
study  are  summarized  in  Chapter  9. 


Chapter  2 

Literature  Review 


The  purpose  of  this  chapter  is  to  examme  previous  research  directly 
related  to  the  current  work.  The  fir^  section  reviews  the  results  from  studies  of 
turbulent,  highly  separated  unswept  conqrressitm  corner  interactirais  which  have 
ignored  -  or  treated  as  being  of  secondary  in^xxtance  -  time  varying  features  of 
the  intenctioiL  This  is  followed  by  the  results  of  experimental  investigations 
showing  the  dominant  unsteady  nature  of  this  class  of  interactions,  the  impact  of 
this  unsteadiness  on  the  interpretation  of  "mean”  flow  data,  and  suggested 
mechanisms  which  drive  the  unsteadiness.  The  focus  is  then  shifted  to  a  review 
of  efforts  to  control  the  interaction,  which  have  primarily  consisted  of  active 
techniques  (i.e.,  fluid  injection  or  removal)  to  minimize  or  eliminate  the  shock- 
induced  separation.  The  cluster  concludes  with  a  brief  review  of  some  passive 
techniques  to  modify  the  character  of  a  turbulent  boundary  layer. 

For  insight  into  the  general  u^c  of  shock  wave/boundary  layer 
interactitms,  the  reader  is  referred  to  other  wraks.  An  excellent  review  of  early 
shock  wave  turbulent  boundary  layer  interactions  has  been  written  by  Green 
[1970].  More  recoit  reviews,  though  heavily  biased  toward  three-dimensional 
interactions,  have  been  compiled  by  Settles  and  Dolling  [1986,1990].  Finally, 
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Dolling  [1990]  provides  a  general  overview  of  the  flow  unsteadiness  associated 
with  shock-induced  turbulent  boundary  layer  separation. 

2.1  ’*nme-Independent’ Compression  Cwner  Studies 

liirbulent  cmnpression  comer  interactions  have  been  the  subject  of 
experimental  study  since  the  early  1950*s  G>iDugge  [1953]).  Much  of  the  early 
work  focused  cm  examining  the  role  of  various  parameters  (i.e.,  Reynolds 
number,  Mach  number,  ranq)  angle^nessure  rise)  on  the  propagation  of  the 
inviscid  shock  influence  upstream  of  the  cmner.  This  "upstream  influence"  was 
usually  determined  from  surface  flow  visualization  and/or  surface  pressure 
measurements.  Amcmg  the  findings  for  interactions  where  separation  occurred 
was  the  qtpatent  existence  of  a  "free  interaction."  This  concept,  put  forward  by 
Chapman,  Kuehn,  and  Larstm  [1958],  suggests  that  when  the  extent  of  separation 
is  large,  the  interaction  upstream  (and  pc»sibly  for  some  distance  downstream)  of 
the  separation  point  is  independent  of  the  shock-producing  geometry.  Law 
[1974]  observed  this  feature  in  the  almost-constant  boundary  layer  separation 
angle  for  compressicm  corao’  angles  greater  than  that  necessary  to  force 
separation.  Similarly,  Settles  et  al.  [1979]  found  that  surface  pressure 
distributions  for  several  ramp  angles  upstream  of  and  through  the  separation  point 
could  be  colliq)sed  reasonably  well  by  shifting  the  streamwise  location  of  the 
distributions  ro  make  the  initial  pressure  rises  cdncident 
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One  of  the  most  complete  pictures  of  the  highly  separated  compression 
comer  interaction  has  come  from  the  experimental  woric  of  Settles  et  al.  [1976, 
1979]  at  the  Gas  Dynamics  Laboratory  of  Princeton  University.  This  interaction 
was  generated  by  a  24  degree  ramp  in  a  Mach  3  flow.  In  addition  to  surface 
measurements,  extensive  pitot  pressure,  static  pressure,  total  temperature,  and 
Preston  tube  measurements  were  made  to  develop  a  model  of  the  flowfield  (Hg 
2-1).  All  data  were  obtained  using  conventional  probing  techniques.  This  nnodel 
shows  an  initial  compression  which  turns  the  external  flow  through  10  degrees, 
followed  by  an  additional  compression  wave  system  nearer  the  comer  to 
complete  the  remaining  turning  at  reattachment  Streamlines  calculated  from 
experimental  data  reveal  a  distorted  vortex  centered  above  the  comer.  Also  of 
particular  interest  is  the  large  distance  required  for  the  sonic  line  to  return  to  the 
near-wall  region  of  the  ramp  boundary  layer.  This  feature  would  allow 
disturbances  originating  well  up  the  ramp  face  to  propagate  upstream  of  the 
comer  (fix>m  X/S  =  5  to  X/5  » -2  for  Settles’  study). 

Special  attention  was  paid  to  documenting  the  quality  of  the  flow  in  this 
experiment.  Aerodynamic  fences  were  attached  to  the  ramp  sides  to  isolate  the 
interaction  from  the  tunnel  side  walls.  Spanwise  two-dimensionality  was  checked 
using  transverse  surface  pressure  measurements  and  surface  flow  visualization. 
Though  the  latter  technique  indicated  a  nodal  pattern  (Settles  et  al.  [1979]),  the 
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authors  concluded  that  any  three-dimensional  perturbations  were  minor.  Selig 
[1988]  has  recently  reviewed  similar  work  done  in  the  Princeton  facility  and 
found  the  surface  patterns  for  this  interaction  to  be  non-unique.  He  too 
concluded,  however,  that  this  discrepancy  did  not  "seriously  compromise"  his 
study  of  the  interaction  unsteadiness.  Settles  et  al.  checked  for  flow  unsteadiness 
using  microsecond  spark  shadowgrams,  but  found  only  "minor  motions  and 
ripples"  which  were  of  no  greater  extent  than  0.15 . 

These  measurements  and  resulting  model  have  been  subsequently  and 
extensively  used  for  comparison  with  numerical  predictions.  Eariy  efforts  using 
algorithms  which  successfully  computed  unseparated  compression  comer 
interactions  failed  for  this  highly  separated  flow  (Hoistman  et  al.  [1977],  Viegas 
and  Horstman  [1979]).  As  is  shown  in  Fig  2-2,  although  several  different 
turbulence  models  were  employed,  no  numerical  model  adequately  predicted  the 
separation  point  or  the  surface  pressure  distribution  under  the  separated  region. 
Further,  the  predicted  outgoing  boundary  layer  had  a  slower  recovery  than  was 
measured  (Hg  2-3).  In  the  decade  following  this  work,  some  inqniovement 
occurred.  Wilcox  [1990],  for  instance,  iq)plied  his  multiscale  turbulence  model  to 
obtain  superior  results  (Hg  2-4),  which  he  attributed  to  the  models  "mote 
physically  realistic  description  of  the  Reynolds  stress  tensor." 

To  this  author’s  knowledge,  all  of  the  coiiq>utational  efforts  involving  the 
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highly  separated  interaction  generated  by  a  compression  comer  have  neither 
considered  nor  predicted  any  unsteadiness  of  the  flow.  Experiments  by  Dolling 
and  Murphy  [1983],  however,  have  shown  Settles*  24  degree  comer  interaction  to 
be  strcHigly  time  dependent  The  re^ilts  of  their  study  are  discussed  in  the 
following  section. 

2.2  Studies  of  the  Unsteady  Interaction 

2.2.1  Surface  Pressure  Studies 

Qualitative  indications  of  the  unsteadiness  of  shock-  induced  turbulent 
boundary  layer  separation  have  been  available  from  the  earliest  studies,  usually  in 
the  form  of  direct  observation  of  the  resulting  wave  system  (i.e.,  shadowgraph  or 
Schlieren  images).  One  of  the  earliest  efforts  to  obtain  quantitative  data  of  such 
an  interaction  -  -  if  not  the  earliest  -  was  carried  out  by  Kistler  [  1964],  who  made 
fluctuating  surface  pressure  measurements  upstream  of  a  forward  facing  step  at 
Mach  3  and  4.5.  Within  the  separated  region  near  the  step  face,  Kistler  observed 
the  surface  pressure  time  history  to  be  that  of  "a  normal  turbulence  signal  (i.e.,  as 
a  finite  bandwidth  white  noise.)"  Convective  velocities  of  turbulent  eddies  in  this 
region,  obtained  from  cross-correlations  of  surface  pressure  measurements,  were 
in  the  same  direction  and  of  neariy  the  same  magnitude  as  the  freestream,  leading 
Kistler  to  conclude  that  the  pressure  fluctuations  here  were  driven  by  the 
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"turbulent  activity  in  the  free  shear  layer  near  the  dividing  streamline.”  Near  the 
separation  point  (as  implied  by  the  rapid  rise  in  the  mean  surface  pressure 
distribution),  however,  he  found  the  surface  pressure  signal  to  exhibit  an  "on-off" 
behavior  (Hg.  2-S)  --  a  pattern  which  is  now  recognized  as  characteristic  of 
unsteady  shock-  induced  turbulent  boundary  layer  separation.  The  frequency  of 
this  switching  was  significantly  below  that  characterizing  the  incoming  boundary 
layer,  U/8 . 

Time-dependent  investigations  of  a  number  of  compression  comer 
interactions  were  carried  out  by  several  teams  in  the  Mach  3  facility  at  the 
Princeton  University  Gas  Dynamics  Laboratory  in  the  1980*s.  Dolling  and 
Murphy  [1982]  made  single  point  high  frequency  surface  pressure  measurements 
throughout  the  highly  separated  24  degree  comer  interaction  of  Settles,  from 
upstream  of  separation  through  the  inviscid  pressure  rise  on  the  ramp  surface. 
While  their  mean  distributions  agreed  reasonably  well  with  those  obtained  by 
Settles  et  al,  they  found  the  time  histories  near  separation  to  be  like  Kistler’s  -  a 
turbulent  signal  with  the  mean  value  switching  between  two  distinct  levels.  This 
behavior  was  attributed  to  a  "highly  unsteady  shock  wave  stmcture  undergoing 
streamwise  excursions,"  the  position  of  which  ranged  from  the  upstream  influence 
line  to  the  separation  line  as  deduced  from  mean  surface  measurements.  This 
finding  disagrees  with  the  shadowgram-based  conclusion  of  Settles,  and  is 
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probably  due  to  the  optical  integration  of  the  density  gradients  across  a  spanwise 
non-uniform  interaction  masking  the  unsteadiness.  The  motion  of  the  shock  wave 
produced  a  maximum  in  the  surface  pressure  root-mean-square  (RMS) 
distribution  when  normalized  by  the  local  mean  pressure.  A  second,  smaller  peak 
was  also  noted  near  the  mean  reattachment  line,  though  the  time  histories  showed 
no  switching  behavior.  Dolling  and  Or  [1985]  expanded  on  uiis  work  by 
performing  investigations  of  8  degree  and  12  degree  (unseparated),  16  degree 
(incipient  separation),  and  20  degree  (separated)  compression  comer  interactions. 
Similar  intermittent  behavior  was  found  in  all  but  the  weakest  interaction,  though 
the  size  of  the  intermittent  region  increased  with  interaction  strength. 

Simultaneous  multi-channel  fluctuating  surface  pressure  data  were 
obtained  by  Muck  et  cd.  [1988]  for  the  16, 20,  and  24  degree  interactions.  Their 
review  of  streamwise  time  history  plots  showed  that  the  wave  structure  observed 
by  Dolling  and  Murphy  was  a  "single  sharp  shock."  Further,  spanwise 
measurements  indicated  that  for  all  of  the  ramp  angles  tested  the  shock  was  not 
planer,  but  highly  three-  dimensional.  From  these  results,  the  authors  infened 
that  this  rippling  was  caused  by  incoming  turbulent  structures.  Subsequent  work 
(discussed  below)  has  questioned  these  conclusions. 

The  most  recent  experimental  investigations  of  unsteady  conqnession 
comer  interactions  have  been  carried  out  in  the  Mach  5  facility  at  University  of 
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Texas  at  Austin  ,  focusing  on  the  highly  separated  interaction  generated  by  a  28 
degree  ramp.  Con^lementaiy  studies  of  Marshall  and  Dolling  [1990]  and  Erengil 
and  Dolling  [1991a]  used  a  larger  number  of  simultaneous  surface  pressure 
measurements  than  in  the  study  of  Muck  et  al.  (8  versus  4),  providing  a  spatially 
expanded  picture  of  the  interaction  at  any  given  instant  Marshall’s  transducers 
were  aligned  in  spanwise  arrangements  to  examine  the  two-dimensionality  of  the 
separation  shock  front  and  its  motion.  Shock  position  relative  to  a  given 
transducer  was  determined  from  the  instantaneous  surface  pressure  reading 
through  a  two  threshold  method  (TTM).  The  rationale  and  mechanics  of  this 
method  are  discussed  in  Section  4J2.1.  Information  was  combined  from  all 
transducers  to  form  a  binary  or  ternary  "frame"  of  the  shock  foot  position  at  each 
instant  in  time.  Pattern  probabilities  woe  then  computed  by  searching  the  frame 
sequences.  From  these  data,  Marshall  ctmcluded  that  the  instantaneous 
separatkm  shock  firont  was  nominally  two-  dimensional,  though  more  so  when 
moving  downstream.  Streamwise  deviation  of  the  shock  front  from  a  linear  shape 
was  found  to  be  only  a  small  fraction  of  the  overall  distance  traversed  by  the 
separation  shock. 

In  contrast  to  Marshall’s  transducer  orientation,  Erengil  aligned  his 
transducers  with  the  fieestream  to  examine  the  separation  shock  behavior  and  its 
influence  on  the  flow  under  the  separated  shear  layer.  He  too  used  a  TTM  to 
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determine  shock  position.  "Rrozen"  surface  pressure  distributions  were  obtained 
by  ensemble  averaging  pressure  signals  when  the  separation  shock  moving  in  a 
specified  (upstream  or  downstream)  direction  crossed  a  fixed  point  The  results 
for  the  upstream  shock  motion  are  presented  in  Fig  2-6;  the  downstream  results 
were  reported  as  being  similar.  Several  points  are  worth  noting  in  this  figure. 
First,  the  pressure  rise  associated  with  the  separation  shock  is  much  steeper  than 
the  mean  pressure  rise  (depicted  in  die  figure  as  a  solid  line),  and  is  more 
consistent  with  the  numerically  predicted  behavior  (Hg  2-2).  Second,  the 
strength  of  the  separation  shock  (as  determined  from  the  pressure  rise  between 
the  first  and  thud  data  points  of  each  curve)  increases  with  downstream  shock 
position.  Third,  the  initial  pressure  rise  is  followed  by  a  gradual  rise  to  the 
plateau  pressure,  indicating  a  compression  wave  system  following  the  shock. 
These  last  two  findings  conflia  with  the  single-shock  model  of  Muck  et  al.  ,  and 
are  due  to  the  more  systematic  analysis  performed  by  Erengil.  Finally,  the 
pressure  rise  following  the  pressure  plateau  (within  15  of  the  comer)  is  relatively 
indqiendent  of  shock  position.  A  detailed  examination  using  time  history 
ensembles  shows,  in  fact,  a  slight  pressure  drop  in  this  region  as  the  separation 
shock  moves  forward  and  a  slight  rise  as  it  moves  aft 

(jiamann  and  Dolling  [1990]  have  extended  the  understanding  of  this 
interaction  through  simultaneously-acquired  fluctuating  surface  pressure 
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measurements  upstream  of  the  comer  and  on  the  razq)  face.  Using  cross¬ 
correlations  of  conditionally  acquired  data  sets,  the  authors  were  able  to  establish 
that  the  separation  shock  foot  location  is  coincident  with  the  separation  point 
location.  The  separation  line  found  in  the  surface  flow  visualization  corresponds 
to  the  downstream  limit  of  the  separation  shock  motion  (Granoann  [1989]).  They 
also  found  that  the  location  of  the  reattachment  point  on  the  ramp  moves  in 
conjunction  with  -  and  in  the  opposite  direction  to  -  the  separation  point,  resulting 
in  an  expanding  and  contracting  separation  bubble.  This  finding  is  consistent 
with  that  of  Kussoy  et  al.  [1987]  for  the  separated  flow  induced  by  a  shock  on  a 
flared  body  of  revolution.  The  unsteadiness  permeates  the  entire  interaction  for  at 
least  45  downstream  of  the  comer,  and  contributes  significantly  to  the  local 
pressure  variance.  Finally,  no  evidence  was  found  of  a  rapid  increase  in 
turbulence  intensity  across  the  unsteady  separation  shock,  at  least  as  reflected  in 
the  wall  pressure  fluctuations. 

2.2.2  Flowfield  Studies 

The  reader  is  reminded  at  this  point  that  all  of  the  previous  investigators 
have  based  their  conclusions  upon  surface  measurements;  predominantly, 
fluctuating  pressure  data.  Few  efiforts  have  been  made  to  examine  the  time- 
dependent  flowfield  above  the  surface,  and  these  have  limited  their  focus  to  the 
flow  downstream  of  the  comer.  Kuntz  et  al.  [1987]  made  laser  Doppler 
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velocimetry  (LDV)  measurements  of  the  developing  boundary  layer  in  8, 12, 16, 
20,  and  24  degree  compression  comas  at  Mach  2.9.  For  those  interactions  with 
large  separation  bubbles  (20  and  24  degrees),  the  near-wall  region  of  the  outgoing 
boundary  layer  was  highly  retarded  but  nqridly  accelerated  with  increasing 
distance  along  the  ramp.  This  behavior,  coupled  with  large  measured  Reynolds 
stresses,  led  the  authors  to  coiclude  that  large  scale  turbulent  structures  existed 
downstream  of  the  interactioi.  Also,  coitrary  to  (jramann’s  findings,  the 
"turbulence  intensities  and  Reynolds  stress  values  were  significantly  increased  by 
the  interaction."  No  spectral  analysis  s^ms  to  have  been  done  by  the  authors  nor 
were  any  simultaneous  upstream  measurements  made  to  characterize  the 
unsteady  shock.  Without  this  analysis  or  these  data,  the  contribution  of  the  large 
scale  unsteadiness  could  not  be  separated  from  the  true  turbulence  in  the 
turbulence  measurements,  and  so  the  ctmclusions  from  Kuntz’s  study  must  be 
ctmsidered  with  caution. 

Selig  et  al.  [1989]  made  single  hot  wire  measurements  above  the 
compression  comer  in  Settles’  24  degree  interaction.  They,  too,  found  the 
downstream  turbulence  to  be  amplified.  Spectral  analysis  of  the  signal 
downstream  of  the  comer  exhibited  energy  peaks  at  frequencies  an  mder  of 
magnitude  higher  than  those  associated  with  the  separatkm  shock.  Coupled  with 
compariscms  between  the  variation  of  maximum  shock  oscillation  amplitude  and 
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maximum  turbulence  intensity  with  increasing  interaction  pressure  rise,  the 
authors  found  no  direct  link  between  the  unsteady  shock  motion  or  the  size  of  the 
separated  region  and  the  downstream  turbulence.  As  with  the  previous  study,  no 
atteiiq>t  was  made  to  separate  the  effects  of  the  moving  shock  from  the  local 
turbulence.  Selig  also  noted  that  the  probability  densi^  functions  of  the 
downstream  mass  flux  measurements  were  bimodal,  with  one  peak  near  the 
expected  inviscid  value  downstream  of  the  shock  and  another,  lower  value 
representative  of  flow  near  the  surface.  The  authors  suggested  two  possible 
causes  of  this  result  Unsteady  streamwise/Taylor-Goertler  vortices  associated 
with  niming  flow  on  a  concave  surface  might  be  responsible  for  exchanging  low 
momentum  fluid  near  the  surface  with  higher  momentum  fluid  above  the 
boundary  layer.  Conversely,  such  an  exchange  may  be  driven  by  spanwise 
vortices,  seen  in  the  worit  of  Ardonceau  [1984]  as  a  vortex  sheet  emanating  from 
the  foot  of  the  separation  shock. 

2.2.3  Additional  Relevant  Studies 

Before  moving  on  to  a  review  of  possible  mechanisms  driving  the 
separation  dK)ck  motion,  two  additional  studies  should  be  mentioned.  The  first  is 
that  of  Thomas  et  al.  [1991],  who  examined  an  unseparated  compression  comer 
interaction  for  non-linear  energy  spectra  transfer  due  to  the  shock  system. 
Fluctuating  surface  pressure  measureoKnts  were  made  in  the  flowfield  generated 
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by  a  6  degree  wedge  model  at  Mach  1.4.  Given  that  these  fluctuations  are  related 
to  weighted  products  of  local  velocities  and  velocity  gradients,  the  authors  took 
their  lead  from  incompressible  transitimi  studies  and  chose  to  "model  the  local 
spatial  change  of  the  pressure  fluctuation  qjectnim  as  a  non-linear  system 
consisting  of  both  a  linear  and  a  quadratically  non-linear  input-output  relation." 
Thus,  the  basis  of  their  approach  only  loosely  draws  on  first  principles  for  its 
origin  and  may  even  igntne  the  true  relevant  coupling  between  the  fluctuations. 
Nmietheless,  the  results  of  their  experiment  show  the  interaction  to  be  dominated 
by  linear  mechanisms.  There  was  smne  evidence  that  the  upstream  shock 
interaction  tended  to  result  in  three-wave  interactions  which  cascaded  energy  to 
lower  flequencies,  while  downstream  of  the  comer  the  opposite  process  was 
found  to  occur. 

The  seoHid  study  was  that  carried  out  by  Shen  et  al.  [1990],  The 
objective  of  this  experiment  was  to  examine  the  time-dependent  behavior  of  a 
supersonic  reattaching  shear  layer  uncoupled  from  the  separation  process.  The 
interaction  was  generated  by  the  shear  layer  of  a  backward  facing  step  impinging 
on  a  20  degree  ramp  in  a  Mach  3  flow.  Hie  position  of  the  ramp  was  adjusted 
such  that  the  free  shear  layer  develc^ied  in  the  absence  of  a  pressure  gradient 
From  fluctuating  surface  pressure  measurements  on  the  ramp  surface,  the  authors 
found  the  reattachment  to  be  hi^y  unsteady,  with  a  behaviw  very  similar  to  the 
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separation  region  in  the  ctxnpressitm  comer  flow.  Rayleigh  scattering  used  to 
visualize  the  instantaneous  shock  shape  confirmed  the  shock  unsteadiness.  This 
optical  technique  succeeded  where  die  shadowgrams  failed  because  the 
illumination  source  is  a  short-duratirai  (4  nsec)  laser  pulse  focused  into  a  thin 
sheet  perpendicular  to  the  axis  of  observation.  Thus,  both  ^tial  and  tenqioral 
integration  of  the  flowfield  structure  are  greatly  reduced.  >^th  the  laser  sheet 
oriented  qianwise  and  projected  near  dw  mean  reattachment  line,  the  shock  was 
found  to  ripple  in  the  manner  inferred  frran  fluctuating  wall  pressure 
measurements. 

2.2.4  Summary 

This  sub-section  has  reviewed  wcvks  which  have  shown  the  separated 
turbulent  compression  comer  interaction  to  be  highly  unsteady,  beginning  at  the 
upstream  limit  of  the  separatkm  shock  travel  and  extending  as  far  downstream  as 
experiments  have  investigated.  The  mean  flowfield  model  initially  develc^ied, 
and  against  which  numerical  predictions  have  been  conqiared,  is  only  loosely 
representative  of  the  flow  at  any  given  instant  Separation  is  precipitated  by  a 
non-stationary  shock  upstream  of  and  weaker  than  the  primary  inviscid  shock, 
and  is  closely  followed  by  a  compression  system  which  completes  the  initial 
pressure  rise  to  a  plateau  value.  The  reattachment  process  is  also  unsteady  and 
conelates  with  the  location  of  die  separation  point  though  it  is  not  totally  clear 
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whether  the  leattachment  unsteadiness  is  solely  dependent  on  that  of  separation. 
2.3  Suggested  Driving  Mechanisms 

Several  authors  have  examined  the  available  data  of  their  time  and 
pr(^)osed  possible  mechanisms  responsible  for  the  motion  of  the  separation  shock. 
Kistler  [1964]  discussed  the  possibility  that  the  shock  motion  was  in  response  to 
acoustic  oscillations  within  the  separated  region,  but  argued  that  such  a 
mechanism  was  improbable  since  there  was  no  evidence  in  the  surface  pressure 
time  histories  of  a  reasonably  periodic  signal  at  the  low  frequency  of  the  shock 
nnoticMi,  nor  did  Schlieren  photographs  indicate  any  well  organized  pattern  within 
the  separated  region.  As  an  alternative  explanation,  Kistler  suggested  that  the 
shock  motion  was  driven  by  the  response  of  the  dividing  streamline  surface  to 
random  cross-stream  distortions.  His  argument  was  that,  for  supersonic  flow,  a 
perturbation  which  would  cause  an  increase  in  the  flow  deflection  angle  would 
also  increase  the  pressure  jump,  inducing  further  separation.  This  process  would 
cease  when  "either  a  new  separation  bubble  is  formed  ahead  of  the  old  (Hie  or 
some  other  mechanism  intervenes."  He  did  not  specify  whether  this  distcxticm 
was  due  to  upstream  or  downstream  influences. 

Andreopoulos  and  Muck  [1987]  hypothesized  that  the  incoming  boundary 
layer  was  the  "most  likely  cause  triggering  die  shock  wave  oscillation,"  and  that 
large  incoming  structures  might  also  explain  observed  spanwise  variations  in  the 
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shock  wave.  Their  ctmclusicms  are  based  on  three  points.  First,  the  frequency  of 
the  shock-wave  unsteadiness  was  found  to  be  of  the  same  order  as  the  ’’bursting 
frequency”  of  the  incoming  boundary  layer  and  independent  of  the  downstream 
separated  flow.  Second,  the  findings  of  Dolling  and  Or  [1983]  showed  a  common 
relatimi  between  shock  intermittency  and  signal  skewness  fen*  different  shock 
generating  geometries  with  the  same  upstream  conditions.  Finally,  the  authors 
found  that  the  shock  speed  was  of  the  same  order  as  the  turbulence  fluctuations. 
This  analysis,  however,  has  come  under  criticism  by  several  authors  (Tran  [1987], 
Dolling  and  Brusniak  [1989],  Erengil  and  Dolling  [1991b]).  Namely: 

1.  No  direct  correlations  were  established  between  the  shock  motion  and  any 
upstream  fluctuations. 

2.  The  single-threshold  algorithm  which  they  used  to  define  shock  position  has 
been  shown  by  Dolling  and  Brusniak  [1989]  to  be  highly  sensitive  to  turbulence 
fluctuations  and  noise.  No  distinction  is  made  between  threshold  crossings  due  to 
the  passage  of  the  separation  shock  and  those  due  to  random  fluctuations  in  the 
flow  or  signal  The  result  is  a  higher  number  of  shock  crossinp  than  actually 
occur.  (These  problems  have  been  minimized  in  later  studies  using  the 
aforementimied  TTM.) 


3.  Separation  shock  frequencies  in  cylinder  interactions  have  shown  as  great  a 
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dqwndence  on  cylinder  diameter  as  on  the  incoming  boundary  layer  thickness 
(Dolling  and  Smidi  [1989]),  which  would  indicate  some  influence  of  downstream 
conditions  on  the  shock  motion. 

llran  [1987]  demonstrated  that  in  three  supersonic  separated  interactions 
with  the  same  inviscid  shock  sweep  and  overall  pressure  rise  --  but  generated  by 
three  different  geometries  —  both  the  mean  and  RMS  surface  pressure  distribution 
could  be  collt^sed  by  referencing  streamwise  distances  to  the  inviscid  shock 
position.  This  result  would  seem  to  indicate  that  the  dynamic  shock  behavior  may 
also  follow  the  ”ffee  interaction"  behavior  discussed  in  Section  2.1  and  perhaps 
provide  support  for  a  theory  based  on  an  upstream  trigger  of  the  shock  motion, 
but  was  not  considered  by  lYan.  He  does  conclude,  however,  "that  the  inviscid 
shock  strength  is  the  primary  governing  parameter  for  most  of  the  interaction," 
specifically  the  region  upstream  of  the  inviscid  shock. 

Ihui  also  examined  conditional  ensemble-averaged  time  histories  of 
surface  pressure  signals  under  the  separation  shock  in  a  Mach  3,  20  degree 
compression  comCT  interaction.  IHggering  events  for  each  ensemble  woe 
obtained  from  the  Variable  Interval-Ume  Averaging  (VITA)  transformatitni 
(discussed  in  Section  4.2.2)  of  a  surface  pressure  signal  just  upstream  of  the 
interaction.  Ihui  found  no  correlation  between  these  events  --  supposedly 
rqpresenting  the  passage  of  large  scale  turbulent  structures  --  and  the  low 
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frequency  pressure  pulses  generated  by  the  separation  shock.  From  this  result  he 
concluded  that  the  incoming  structures  had,  at  best,  a  small  influence  on  the  flow 
unsteadiness.  However,  Erengil  and  Dolling  [1991b]  point  out  that  by  oiggering 
on  an  upstream  channel  and  not  on  the  shock  motion  itself,  correlations  with 
appropriate  phenonrena  may  be  washed  out  by  averaging  with  more  prevalent  but 
unimportant  features. 

In  their  study  of  a  28  degree  compression  comer  at  Mach  5,  therefore, 
Erengil  and  Dolling  triggered  ensemble  selection  on  shock  passages  over  a 
specified  transducer.  They  further  constrained  the  triggering  event  based  rm  the 
type  of  shock  motion  present:  upstream  sweep,  downstream  sweep,  upstream-to- 
downstream  tum-around,  and  downstream-to-upstream  tum>aiound.  While  the 
results  fixxn  the  first  two  event  types  were  somewhat  ambiguous,  ensembles  based 
on  tum-arounds  showed  distinct  time-dependent  pressure  signals  which  entered 
the  interaction  fiom  upstream  and  woe  "coincident  with  the  shock  foot  at  the 
tinte  of  the  tum-around."  From  these  results  they  inferred  that  at  least  the  shock 
change  of  direction  was  due  to  the  passage  of  large-scale  structures  through  the 
interaction  firom  upstreartL  The  cause  of  the  large  scale  shock  sweeps,  however, 
is  still  unknown. 

The  results  of  the  numerical  study  by  Keefe  and  Nixmi  [1991]  also 
support  the  idea  that  the  separation  shock  is  primarily  driven  by  fluctuations  in 
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the  incoming  flow.  The  authors  begin  by  analyzing  the  response  of  a  normal 
shock  to  perturbations  in  the  incoming  flow.  Shock  position  spectra  from  their 
model  exhibited  a  rapid  roll-off  at  lower  frequencies,  eventually  flattening  out  at 
a  relatively  low  level  at  the  mid  and  high  frequencies.  It  is  this  receptivity  to  low 
frequency  perturbations  which,  the  authms  contend,  makes  the  separation  shock 
respond  to  the  "unmeasurable”  low-frequency  fluctuations  in  a  boundary  layer 
dominated  by  much  higher  frequencies.  Unfortunately,  they  offer  no  physical 
explanation  for  this  observation,  nor  do  they  focus  further  on  the  nature  of  the 
perturbation. 

In  contrast  to  studies  focusing  on  upstream  driving  mechanisms  of  the 
separaticm  shock,  several  studies  have  presented  evidence  suggesting  that  the 
driving  mechanism  is  primarily  widiin  the  interaction  itself.  From  fluctuating 
surface  pressure  measurements  truule  upstream  of  a  forward  facing  step  at  Mach  2 
and  4,  Bibko  et  al.  [1990]  concluded  that  the  shock  unsteadiness  must  be  driven 
by  fluctuatitms  in  the  separated  and  attachment  regions.  This  was  based  on  too 
cross-correlation  values  between  signals  upstream  of  and  unda  the  separation 
shock  near  the  frequency  of  the  shock  nootion.  Cross-correlations  with 
downstream  channels,  however,  did  not  produce  appreciably  larger  values. 
Further,  their  choice  of  frequency  band  probably  excluded  the  dominant  energy- 
containing  frequencies  of  die  incoming  boundary  layer,  though  insufficient  data 
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are  reported  to  calculate  this  frequency.  These  shortcomings  require  that  the 
conclusions  of  the  authors  be  considered  with  caution. 

Dolling  and  Brusniak  [1991]  also  used  fluctuating  surface  pressure 
measurements  downstream  of  the  separation  shock  to  investigate  the  unsteady 
shock  interaction  generated  by  a  cylinder  at  Mach  5.  As  with  Erengil  and  Dolling 
[1991b],  they  obtained  ensemble-averaged  pressure  histories  through  the 
interaction  by  triggering  on  the  separation  shock  behavior.  They  too  found  a 
cotielation  between  the  shock  change  of  direction  and  a  pressure  signature  which 
arrived  at  the  foot  of  the  shock  at  the  time  of  the  change.  This  signature, 
however,  originated  in  the  separated  region  and  propagated  upstreaiiL 

Frcxn  the  above  studies,  additional  insight  has  been  gained  into  the  flow 
phenomena  surrounding  the  separatitm  shock  unsteadiness.  As  yet,  conclusive 
proof  of  the  shock  driving  mechanism  has  not  been  found. 

2.4  Interaction  Control  Efforts 

The  severe  consequences  of  shock-induced  separation  on  the  degradation 
of  system  performance  have  prcnnpted  investigations  of  means  to  prevent  or 
reduce  its  extent.  The  majcnity  of  these  efforts  have  focused  on  mass  transfer 
(injection  or  removal)  in  the  near-wall  region.  The  logic  behind  such  an  approach 
is  that  the  separation  is  a  result  of  the  inability  of  the  low-momentum  fluid  near 
the  surface  to  overcome  the  severe  adverse  pressure  gradient  imposed  by  the 
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shock.  By  removing  this  fluid  through  suction  while  pulling  higher  momentum 
fluid  closer  to  the  wall,  or  by  increasing  the  near-wall  region  momentum  by 
tangential  blowing,  separation  can  be  minimized.  Hamed  and  Shang  [1989] 
provide  a  survey  of  these  studies  as  involved  to  supersonic  inlets.  Viswanath 
[1988]  has  written  a  more  general  review,  to  include  related  efforts  in  transonic 
flows.  With  one  exception,  ail  studies  have  been  concerned  with  only  the  mean 
separation  bubble. 

Experiments  by  Grin  [1967],  Krishnamurthy  [1973],  Manjunath  [1973], 
and  Viswanath  et  al.  [1983]  applied  tangential  blowing  at  the  surface  either 
upstream  of  or  within  the  separated  region  to  reduce  the  extent  of  separation.  In 
comparing  the  merits  of  location,  Viswanath  found  that  blowing  downstream  of 
the  separation  point  was  a  more  efficient  approach.  He  tentatively  attributes  this 
to  the  technique’s  ability  to  "remove  the  reattachment  point  by  energizing  the 
dead  air  region  rather  than  the  boundary  layer  upstream  of  separation." 

Of  immediate  relevance  to  the  current  study  are  the  results  of  compression 
comer  experiments  carried  out  by  Tanner  and  Gai  [1967],  Ball  and  Korkegi 
[1968],  and  Ball  [1970].  In  each,  suction  was  applied  at  the  comer  to  control  the 
extent  of  separatkm.  Ball  and  Korkegi,  and  Ball  examined  laminar  interactions 
for  Mach  numbers  between  5.3  and  8.0.  They  used  the  low  pressure  region  on  the 
downstream  face  of  the  wedge  as  a  vacuum  source  and  varied  the  amount  of 
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suction  by  controlling  the  gap  between  the  upstream  surface  and  the  wedge  face. 
The  slot  was  reportedly  choked,  which  prevented  the  downstream  conditions  from 
influencing  the  separated  region.  The  authors  reported  that  the  extent  of 
separation  was  very  sensitive  to  the  aiix>unt  of  suction  applied,  and  that  "removal 
of  a  small  percentage  of  the  boundary  layer  mass  defect  is  sufficient  to  collapse 
the  separated  flow  region." 

Taimer  and  Gai  investigated  the  effect  of  suction  on  turbulent  conpression 
comer  interaction  at  Mach  1.9  for  ramp  angles  of  8, 12,  and  16  degrees.  The  slot 
through  which  suction  was  applied  was  formed  by  lifting  the  ramp  off  of  the 
surface,  and  the  amount  of  suction  was  controlled  by  a  valve  separating  the 
model  and  a  vacuum  pump.  With  the  slot  present,  but  without  suction  being 
applied,  the  size  of  the  separation  bubble  increased  SO  -  60%  over  the  baseline 
(no  slot)  interaction.  Suction  decreased  the  size  of  the  separation  bubble  and 
raised  the  pressure  on  the  wedge  surface.  For  the  strongest  interaction  examined 
and  using  a  slot  height  of  1/35  ,  a  suction-per-unit- width  of  l.SpU^G  was 
required  to  eliminate  the  separated  region  altogether  and  provide  an  essentially 
inviscid  surface  pressure  distribution. 

Few  passive  methods  of  separation  control  have  been  applied  to 
supersonic  shock/boundary  layer  interactions.  Glotov  and  Korontsvit  [1983] 
were  able  to  reduce  the  extent  of  separation  in  a  supersonic  cylinder  interaction 
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by  placing  a  needle  vertically  within  the  separated  region.  Subsequent  work  by 
Brusniak  [1991]  indicates  that  the  prinoaiy  effect  of  this  disturbance  is  to  modify 
the  inviscid  wave  structure  in  the  freestream,  and  so  addresses  a  different  area  of 
control  than  the  others  considered  here. 

Gartling  [1971]  studied  the  ability  of  flat  plate  vortex  generatOTS  to 
prevent  turbulent  boundary  layer  separation  in  a  Mach  4.7,  35  degree 
compression  comer  interaction.  He  found  the  effectiveness  to  be  l;riited  to  a  very 
narrow  region  directly  downstream  of  the  generators.  Gartling  concluded  the 
mechanism  by  which  separation  was  reduced  to  be  a  coupling  between  the 
expansitMi  about  the  vortex  generator  body,  and  the  tip  and  base  vortices  formed 
by  the  generator. 

Prior  to  the  current  study,  only  the  work  of  Selig  [1988]  has  addressed  the 
issue  of  controlling  the  separation  shock  dynamics.  His  interaction  was  generated 
by  a  24  degree  conqnession  comer  at  Mach  2.9.  Periodic  blowing  normal  to  the 
boundary  layer-generating  surface  was  applied  at  various  locations  within  the 
separation  bubble  upstream  of  the  COTno*  and  at  various  frequencies  near  that  of 
the  separation  shock.  Using  an  "appropriate"  amount  of  blowing  and  by  placing  it 
close  enough  to  the  shock  foot,  the  shock  periodicity  could  be  forced  to  match 
that  of  the  blowing.  However,  this  effect  seemed  to  be  somewhat  localized  since 
no  corresponding  behavior  was  observed  in  the  data  downstream  of  the  comer. 
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Further,  variation  in  blowing  frequeiu:y  had  no  noticeable  effect  on  the  wall- 
pressure  power  spectra,  nor  did  blowing  effect  the  binxxlal  nature  of  the 
probability  density  distributions  discussed  in  section  2.1.  From  his  ability  to 
ccmtrol  the  shock  motion  in  this  manner,  Selig  concluded  that  the  separated 
regicHi  must  have  some  influence  on  the  unblown  shock  unsteadiness,  though  he 
did  not  rule  out  the  role  of  the  incoming  ct^erent  structures. 

2.5  Relevant  Boundary  Layer  Modification  Techniques 

A  great  deal  of  interest  has  been  recently  focused  on  passive  drag 
reduction  devices  which  have  been  demonstrated  as  effective  in  turbulent 
boundary  layers.  Two  in  particular,  riblets  and  outer  layer  manipulators,  have 
been  the  subject  of  numerous  phenomenological  studies  to  optimize  their  benefits. 
The  mechanism  by  which  they  operate,  however,  is  only  now  becoming 
understood.  It  is  these  mechanisms  which  the  current  study  seeks  to  exploit  to 
noodify  the  separation  shock  motion.  As  such,  this  section  will  limit  its  scope  to 
those  features  and  studies  of  immediate  relevance.  The  reader  is  referred  to  the 
recent  comprehensive  reviews  on  riblets  written  by  Walsh  [1990]  and  on  outer 
layer  manipulators  written  by  Anders  [1990]  for  more  general  coverage. 

Riblets  are  narrow,  small  streamwise  grooves  in  the  surface  on  which  the 
boundary  layer  develt^s.  Their  effects,  as  related  to  changes  in  turbulent 
structure,  are  limited  to  the  near-wall  region,  y*^  <  10-15  (Walsh  [1990]).  Only 
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two  supersonic  studies  have  been  found  in  the  literature,  Robinson  [1988]  and 
Gaudet  [1989].  Of  these,  only  Robinson  obtained  dynamic  flow  field  data  using 
hot  wire  anemcHiietry.  Though  the  data  presented  were  not  reduced  to  velocity 
measurements  (Hg  2-7),  they  do  show  that  the  near-wall  RMS  hot  wire  voltage 
(and  presumably  RMS  velocities)  is  substantially  reduced  by  the  presence  of  the 
riblets.  This  finding  is  consistent  with  substmic  measurements. 

While  riblets  influence  the  near-wall  region  of  the  turbulent  boundary 
layer,  outer  layer  manipulators  (referred  to  as  boundary  layer  manipulators 
(BLM’s)  in  this  study)  alter  the  structure  of  the  outer  region.  These  devices  are 
typically  plates  or  thin  airfoil  sections,  and  are  nnounted  parallel  to  the  boundary 
layer-generating  surface  in  the  outer  half  of  the  boundary  layer.  Disturbances 
introduced  by  the  BLM’s  persist  for  long  distances  downstream.  It  is  not  clear  by 
what  specific  mechanism  these  devices  operate,  though  the  two  leading 
arguments  center  around  the  solid  boundary  "|plate"  effect  and  the  "wake"  layer 
effect.  One  of  the  most  prominent  results  of  the  BLM’s  is  their  "dramatic 
reduction  in  outer  edge  intermittency"  (Anders  [1990]),  where  intermittency  is 
defiined  here  as  the  percentage  of  time  the  flow  at  a  given  point  is  turbulent 
Results  of  (3iang  and  Blackwelder  [1990]  also  show  an  associated  increase  in  the 
interface  crossing  frequency  -  "defined  as  the  number  of  large  turbulent  eddies 
passing  per  unit  time."  The  effect  of  BLM’s  on  these  two  parameters  are 
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demonstrated  in  Fig  2-8,  where  the  open  symbols  represent  the  undisturbed 
boundary  layer  and  the  filled  symbols  represent  the  flow  with  the  BLM.  These 
plots  bear  a  striking  resemblance  to  the  separatimi  shock  intermittency  and  zero¬ 
crossing  frequency  streamwise  distributions  in  the  compression  cwner 
interaction.  BLM’s  have  also  been  shown  to  significantly  reduce  the  spanwise 
size  of  large  structures.  Unfortunately,  there  are  no  available  data  on  the  effect  of 
BLM’s  in  supersonic  boundary  layers. 

2.6  Summary 

Three  decades  of  study  of  separated  compression  comer  SWTBLI’s  has 
provided  us  with  a  detailed  description  of  the  mean  flowfield,  a  model  against 
which  the  accuracy  of  current  numerical  predicfitm  techniques  is  assessed. 
Current  experimental  evidence,  however,  has  shown  that  the  overall  interaction  is 
highly  unsteady,  and  that  the  mean  model  does  not  accurately  reflect  the 
instantaneous  flowfield  at  any  point  in  time.  Insufficient  understanding  of  what 
controls  the  interaction  unsteadiness  prevents  us  from  improving  numerical 
nxxlels  to  reflect  this  time-  dependent  nature.  While  several  hypotheses  have  been 
offered,  no  firm  evidence  has  been  presented  to  indicate  to  what  aspects  the 
overall  flow  unsteadiness  is  even  sensitive  to.  It  is  with  this  background  that  the 
current  study  was  undertaken.  Specifically,  this  study  seeks  to  answer  the 
question  of  how  the  translating  shock  motion  dqmxls  on  the  moMning  boundary 
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layer  and  the  flowfield  downstream  of  die  sepaiaticm  line  by  means  of  quantified 
perturbatimis.  Such  insight  is  required  to  guide  the  develcqmient  of  a  new  or 
modified  to  numerical  model  with  which  to  accurately  predict  shock 
wave/boundaiy  layer  interactions.  Further,  a  demonstrated  method  of  controlling 
the  separation  shock  may  find  direct  iq)plicati(m  in  alleviating  aeroacoustic 
loading  problems  associated  with  such  interactions. 


Chapter  3 

Experimental  Program 


3.1  Wind ’nmnel 

All  tests  were  conducted  in  the  Mach  S  blowdown  wind  tunnel  at  the 
Bakones  Research  Center  (BRC)  of  the  University  of  Texas  at  Austin.  The  test 
section  of  the  tunnel  measures  6  in.  wide  by  7  in.  high  and  is  12  in.  long  (15  cm  x 
18  cm  X  30  cm).  The  facility  air  supply  is  provided  by  a  100  hp  (75  kW) 
Worthington  conqnessor,  which  fills  140  cubic  feet  (4  cubic  meters)  of  sttnage 
volume  at  ambient  temperature  and  up  to  2550  psia  (18  MPa ).  EXuring  a  run,  the 
pressure  is  dropped  through  a  1.5  in.  (4  cm)  Dahl  valve,  driven  by  a  Moore  352 
ctmtroller,  to  provide  a  preset  stagnation  pressure,  which  is  measured  by  a  Setra 
Model  204  [vessure  transducer  (0>500  psia,  0-3  MPa).  Downstream  of  the  valve, 
the  air  is  heated  by  two  banks  of  nichrome  wire  heaters  regulated  by  a  Love 
Controls  1543  controller  to  match  a  desired  stagnation  temperature,  measured  by 
a  Type  K  thermocouple.  For  typical  stagnation  conditions  used  during  this 
program,  the  air  supply  provided  stable  run  times  of  up  to  50  seconds. 

The  test  section  is  modular  in  nature  and  is  instaUed  just  downstream  of 
the  nozzle  exit  For  the  work  rqxxted  here,  the  ceiling  had  a  0.51  in.  (1.3  cm) 
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wide  slot  through  which  a  probe  shaft  could  pass  for  flowfield  surveys.  The  slot 
is  6.6  in.  (16.8  cm)  long  and  begins  2.9  in.  (7.3  cm)  downstream  of  the  nozzle/test 
section  junctitm.  The  Hoot  (Hg  3-1)  has  two  cavities.  The  upstream  cavity 
houses  a  circular  instrumentation  plug  and  is  set  on  tiie  tunnel  centerline,  centered 
42  in.  (10.6  cm)  downstream  of  the  nozzlcAest  sectimi  junction.  The  downstream 
cavity  holds  the  ramp  model,  is  3.5.  in  (8.9  cm)  wide,  and  extends  from  6.5  in.  to 
10.25  in.  (16.5  cm  to  26  cm)  downstream  of  the  nozzleAest  section  junction. 
Slots  in  the  bottom  of  this  cavity  provided  for  0.25  in.  (0.64  cm)  streamwise 
motion  of  the  conqnession  comer. 

3.2  Compression  Comer 

The  28  degree  unswept  cooqiression  comer  was  4  in.  (10.16  cm)  wide  by 
1.875  in.  (4.76  cm)  high.  Model  dinoensitHis  were  chosen  to  provide  both 
adequate  width  for  interaction  two-  dimensionality  and  adequate  height  such  that 
the  inviscid  pressure  level  was  reached  upstream  of  the  expansion  comer.  The 
former  condition  was  omfirmed  using  surface  flow  visualization.  While  model 
design  prc^bited  instrumentation  of  the  ramp  face,  the  latter  requirement  was 
inferred  from  the  fact  that  the  length  of  the  current  ramp  face  exceeded  that  of 
Granuuin  [1989]  (used  in  the  same  facility  under  similar  conditions),  where 
surface  pressure  measurements  established  that  the  inviscid  static  pressure  was 
reached.  Fences  2.5  in.  (6.35  cm)  high  and  extending  at  least  2.5  in.  forward  of 
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the  comer  were  used  to  ensure  interaction  two-dimensionality,  as  well  as 
isolating  the  interaction  frcmi  the  tunnel  side-walls.  The  ran^  was  made  up  of 
three  sections  (Fig  3-2).  The  base  stnumire  mounted  to  the  test  section  floor  and 
provided  a  3.48  in.  x  3  in.  x  0.63  in.  deq)  (8.8  cm  x  7.6  cm  x  1.7  cm)  plenum  for 
use  during  suctk»  runs.  The  plenum  was  elevated  slightly  to  provide  sufficient 
material  at  the  model  base  to  noount  an  O-iing  between  the  oKxlel  and  tunnel 
floor.  A  top  structure  capped  the  plenum.  An  interchangeable  ranq>  face  spanned 
the  central  3.S  in.  (8.9  cm)  of  the  model.  This  feature  was  designed  to  minimize 
possible  differences  between  interactitms  caused  by  small  changes  in  ramp  angle, 
as  were  observed  in  the  work  of  Gramann  and  Dolling  [1990].  Measurements  of 
the  ramp  angle  for  the  two  faces  (slotted  and  unslotted)  showed  less  than  0.1  deg. 
difference.  The  unslotted  face  completely  sealed  the  model  plenum  from  the 
interaction.  It  was  used  to  obtain  baseline  data  for  the  current  investigation,  as 
well  as  for  comparison  with  past  studies.  The  second  face  had  a  centered  3  in. 
(7.62  cm)  wide  slot  between  0.266  in.  (6.8  mm)  and  0.532  in.  (13.5  mm)  from  the 
ctxmer,  as  measured  along  the  ramp  face.  The  location  of  the  slot  was  chosen  to 
coincide  with  the  reattachment  zone,  as  defined  by  Gramann  [1989].  The  position 
of  the  slot  relative  to  the  upstream  and  downstream  limits  of  reattachment,  as  well 
as  relative  to  the  reattachment  line  determined  from  flow  visualizaticxi,  is  shown 
in  the  inset  to  Hg  3-2. 
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3.3  Instnimentation  Plugs 

A  circular  brass  instrumentatkm  plug  3.375  in.  (8.6  cm)  in  diameter 
permitted  flexible  placement  ai  surface  mounted  pressure  transducers.  A  line  of 
26  transducer  pons,  centered  on  the  plug,  were  equally  tqmced  at  0.115  in.  (029 
cm)  (center-ttxenter)  intervals.  While  the  plug  was  fully  rotatable,  die 
transducer  line  was  only  oriented  in  die  stieamwise  direcdcm  for  this  test 
program.  A  second  instrumentation  plug  l.(X)  in.  (2.54  cm)  in  diameter  was  used 
to  mount  a  single  pressure  transducer  in  die  nozade  exit,  iq>  to  12.0  in.  (30J  cm) 
upstream  of  die  compression  corner. 

3.4  Probes 

3.4.1  Probe  Drive  iuid  Mount 

The  probe  drive  was  built  around  a  Velmex  UniSlide  with  a  threaded  shaft 
that  provided  one  inch  of  travel  per  40  turns.  The  drive  was  manually  operated. 
For  continuous  surveys  widi  die  conventional  pitot  probe  or  the  pitot  rake, 
vertical  posidon  was  measured  by  a  Schaevitz  DC-operated  linear  variable 
differential  transformer  (LVDT),  Model  6000  HPD,  widi  6  in.  (152  cm)  of  travel 
The  LVDT  had  a  sensitivity  of  3.4  V/in.  (1.34  V/cm).  Vertical  probe  posidon  for 
fluctuating  pitot  pressure  point  measurements  was  performed  widi  a  dial  gauge 
accurate  to  0.(X)1  in.  (0.025  mm).  Hus  technique  made  an  additional  channel  of 
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the  data  aoquisiticm  ^tem  available  for  fluctuating  surface  pressure 
measurements. 

3.4.2  Pitot  Probes 

The  conventional  pitot  probe  was  of  standard  design,  with  a  rectangular 
flat  face  0.018  in.  high  by  0.085  in.  wide  (0.46  mm  by  2.2  nun),  and  an  opening 
0.005  in.  (0.127  mm)  high.  Approximately  12  in.  (30  cm)  of  0.062  in.  (1.57  nun) 
i  A  nylon  tubing  connected  die  probe  tip  to  the  measuring  pressure  transducer, 
KuUte  model  XC(H)62-50A.  Power  spectra  indicated  diat  this  configuration  had 
a  firequency  reqxxtse  of  about  2(X)  Hz.  The  probe  tip  extended  1.69  in.  (4.3  cm) 
upstream  cf  die  center  of  die  probe  shaft 

Three  fluctuating  pitot  probe  designs  were  used  (Fig  3-3).  Probes  of  this 
type  have  been  used  extensively  to  study  turbulent  structures  in  a  compressible 
shear  layer  (Shau  [1990]).  They  provide  both  adequate  frequency  response  and 
accquable  interference  (away  flom  solid  surfaces),  and  are  more  rugged  in  the 
hi^-qieed  flow  duui  hot-wires. 

For  measurements  made  above  die  compression  comer  face  or  when  only 
a  single  fluctuating  pitot  pressure  measurement  was  required,  a  single  Kulite 
miniature  fnessure  transducer,  model  XC(2-062-100A,  was  mounted  in  a  oqiered 
0.095  in.  (2.4  mm)  stainless  steel  tube  (Hg  3-3a).  The  tip  of  die  transducer 
protruded  upstream  0.(^  in.  (1.3  mm),  whidi  placed  it  3.36  in.  (8  J3  cm)  upstream 
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of  the  probe  shaft  center. 

Simultaneous  measurements  of  fluctuating  pitot  pressure  were  conducted 
with  the  probe  shown  in  Rg  3*3b.  IVro  Kulite  model  XCQ-062-050A  miniature 
pressure  transducers  were  mounted  in  a  manner  similar  to  die  single  Kulite  probe, 
with  centers  separated  vertically  by  0.164  in.  (4.2  mm).  The  probe  dp  extended 
2.89  itL  (7.34  cm)  forward  of  die  probe  shaft  center. 

The  probe  diaft  used  for  all  but  die  floor  pitot  probe  was  a  modification  on 
die  design  described  in  Hg  3*14  of  Shan  [1990].  As  die  current  tests  required  die 
probe  to  extend  across  the  entire  test  section,  die  cylindrical  portion  of  the  shaft 
was  replaced  with  0.375  iiL  (9JS  mm)  diameter  Type  316  stainless  steel  mbing 
with  0.075  in.  (1.9  tmn)  wall  diickness.  This  reduced  die  probe  deflection  at  full 
extension  ftom  0.1  in  to  0.07  in.  (23  mm  to  1.8  mm). 

A  third  fluctuating  pitot  probe  (Hg  3>3c)  was  designed  by  MacKay  [1991] 
to  measure  boundary  layer  fluctnations  well  iqistream  of  the  conqnession  corner. 
To  mitiimiM!  interference  widi  die  compression  corner  interactioci,  this  probe 
entered  through  the  tunnel  floor  and  had  a  shaft  of  diamond  cross-section  (13 
degree  half-angle).  The  center  oi  die  inessure  ttansducer  was  mounted  1.225 
indies  (3.11  cm)  upstream  ai  die  shaft  center,  and  could  be  placed  ftom  0.2  to  1.4 
indies  (031  to  336  cm)  above  the  floor. 
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3.4.3  Pitot  Rake 

Spanwise  mean  pitot  pressure  profiles  were  measured  using  the  pitot  rake 
of  Shau  [1990].  The  seven  pitot  probe  tips  comprising  die  rake  were  of  design 
and  size  similar  to  die  conventional  pitot  probe  described  above,  and  were  placed 
(center-to<enter)  0.S  iiL  (1.27  cm)  iqiait  Seven  Kulite  OEM  type  CTQH-187- 
50A  pressure  transducers  were  installed  in  the  rake  body  to  improve  the 
frequency  reqxmse  of  the  measurements.  Data  were  not  obtained  to  specifically 
determine  the  frequency  leqKmse  of  this  set-up,  but  it  is  believed  to  be  of  the 
same  order  as  die  conventional  single  pitot  probe  discussed  above. 

3J$  Suction  System 

When  suction  was  qiplied,  mass  was  removed  dirough  the  model  plenum, 
out  the  bottom  of  die  model,  throu^  a  1.0  in.  (2.54  cm)  pipe  and  2  in.  (5.1  cm) 
Cashco  Ranger  (2CT  valve,  and  into  an  evacuated  tank.  The  tank  had  a  volume 
of  33.42  cubic  feet  (0.95  cubic  meters),  and  was  drawn  down  to  an  initial  pressure 
of  less  than  0.2  psia  (1.4  kPa)  prior  to  each  suction  run.  The  valve  was  fit  with  a 
40%  trim  and  was  run  full  open.  No  attenqit  was  made  m  ctmtrol  the  valve 
setting  during  a  run.  However,  data  taken  during  each  run  indicated  uniform  and 
rqieatable  pressure  values  in  die  pipe  just  below  die  model  The  amount  of  mass 
removed  is  discussed  in  Chapter  6. 
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3.6  Boundary  Layer  Manipulators 

The  boundary  layer  manipulators  (BLM’s)  were  designed  based  on  studies 
of  subsonic  Large-Eddy  Break-up  (LEBU)  devices.  They  were  constructed  of 
0.053  in.  (1.3  mm)  thick  stainless  steel.  While  significantly  thicker  than  subsmiic 
designs,  this  thickness  was  chosen  to  provide  sufficioit  rigidity  for  the  expected 
loads.  Leading  and  trailing  edges  were  beveled  fitom  above  at  either  IS  or  35 
degrees  (Hgs.  3-4a  and  b)  to  avoid  a  leading  edge  detached  shock  wave  as  well  as 
a  reflected  shock  fnnn  the  tunnel  floor. 

The  BLM’s  were  mounted  on  two  symmetric  half-dianxmd  struts  with  20 
degree  leading  and  trailing  edge  angles  (Hg  3-4c).  The  sides  of  the  struts  facing 
the  tumiel  centeriine  were  parallel  to  each  other  and  the  incoming  flow,  and 
separated  by  a  distance  of  3.83  in.  (9.74  cm).  The  horizontal  cross-section  of 
each  strut  measured  0.245  in.  thick  by  1.30  in.  long  (6.2  mm  x  33  mm).  Each 
strut  was  attached  to  the  tunnel  floor  by  two  bolts  to  prevent  turning  during  tunnel 
operation.  The  lower  surface  of  the  BLM  was  located  0.5  in.  (1.3  cm)  above  the 
tunnel  floor. 

BLM  chord  lengths  of  0.69, 1.03,  and  1.38  inches  (17.5, 26.2,  and  35  mm) 
were  initially  examined.  Surface  flow  visualization  studies  showed  streakline 
"necking”  for  the  largest  BLM,  indicating  a  possible  shock  wave  between  die 
struts,  BLM,  and  floor.  No  such  feature  was  observed  for  die  other  two  BLM 
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designs.  Further  BLM  studies  were  limited  to  die  1.03  in.  chord  model.  Results 
are  discussed  in  Chapter  7. 

3.7  Riblets 

Riblets  are  fine  streamwise  grooves  in  the  boundary  layer-generating 
surface  which  are  used  to  effect  turbulent  skin  fiicdon.  The  riblets  used  in  this 
study  were  of  triangular  cross-secdmi,  widi  height  (h)  and  peak-to-peak  spacing 
(s)  both  equal  to  0.006  in.  (.15  mm).  In  terms  of  wall  variables  of  the  current 
study,  these  dimensitNis  were  s/s-3^•fA]/s+3  »  h/s-3^-t■/d/s-3  »  15.  The  riblets 
were  similar  to  those  used  by  Robinstxi  [1988]  (s/s-3^-f/d/s-^3  =  h/s-3^+/d/s-3  = 
17),  and  were  provided  by  the  3M  Cbnqiany  already  machined  into  a  thin  sheet  of 
adhesive-backed  vinyl.  This  manufumiring  technique  has  been  shown  to  provide 
uniform  riblets  even  at  these  very  small  dimensions  (Walsh  and  Lindemann 
[1984]).  The  riblet  material  planned  die  width  of  the  tunnel  floor  and  covered  18 
in.  (45.7  cm)  upstream  of  die  insmimentadon  plug. 

3.8  Instrumentation 

3.8.1  Ptessure  Thuisducers 

In  addition  to  the  transducers  mentioned  above,  fluctuating  surface 
pressure  measurements  were  made  using  Kulite  model  XC(^062-15A  or  XCQ- 
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062-S0A  miniatufe  pressure  transducers.  While  these  transducers  had  a  range  8 
to  25  times  that  necessary  to  measure  the  expected  pressures,  transducers  with  a 
more  apprtqniate  pressure  range  have  more  flexible  diq)hragms  and,  hence,  a 
lower  natural  frequency  [Dolling  and  Brusniak,  1991].  The  Kulite  XCQ 
transducers  have  a  fully  active  four  arm  Wheatsttme  bridge  attxnically  bonded  to 
a  0.028  in.  (0.71  mm)  diameter  silictHi  diaphragm,  aikl  each  have  a  ten:q)erature 
con^tensation  unit  Specifications  for  tiie  transducers,  as  provided  by  Kulite 
Senucondnctor  Rnoducts  Inc.,  are  presented  in  Table  3-1.  Each  XCQ  transducer 
was  fitted  with  a  B-type  protective  screen  which  reduced  the  transducer  effective 
frequency  response  to  about  50  kHz. 

Shock  tube  studies  have  shown  the  static  calibrations  of  this  type  of 
transducer  to  be  widun  a  few  percent  of  dynamic  calibrations  (Raman  [1974], 
Chung  and  Lu  [1990]). 


45 


KuUte 

Model 

XC(5-062- 

ISA 

XC(5-062- 

50A 

XC(J-062- 

lOOA 

CTQH-187- 

50A 

Rated  Pressure 
(psia) 

15 

50 

100 

50 

Oveqiressure 

(^) 

45 

150 

150 

FSOuqjut 

(mV) 

100 

100 

100 

100 

Excitation 

(VDQ 

5 

5 

5 

10 

Combined  Non- 
lineari^and 
Hysteresis 
(%FS  BFSL) 

.5 

S 

Repeatability 

(%FS) 

.1 

.1 

.1 

Natural 

Frequency  (kHz) 

1000 

Resolution 

Infinite 

Infinite 

Infinite 

Infinite 

ThennalZero 

Shift 

(%FS/100degF) 

2 

2 

2 

Thennal 

Sensitivity 

Shift 

(%/lOOdegF) 

5 

5 

5 

Coiiq)aisaied 

80  to 

80  to 

80  to 

Temperature 
Range  (deg  F) 

180 

180 

180 

Operating 

-65  to 

-65  to 

-65  to 

Ten^erature 
Range  (deg  F) 

250 

250 

250 

Ikble  3-1:  Rressure  Ihusducer  Specifications 
[Kulite] 
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3.8.2  Signal  Omditioning 

Kulite  pressure  transducer  ouqnits  were  amplified  by  ddier  an  EG&G 
PARC  Model  113,  Dynamics  Modd  7S2S,  or  Vishay  Measumnent  Group  Model 
2311  anqilifier.  Tests  made  by  Gramann  [1989]  showed  no  phase  shifting 
associated  widi  diese  dnee  models  over  die  sampling  rates  used.  Gains  varied 
ftom  100  (for  pitot  measuiements  downstream  of  die  comer)  to  2000  (for  surface 
pressure  fluctuadons  in  the  undisturbed  boundary  layer).  Amplifier  settings  were 
adjusted  to  provide  ouqnit  within  a  ±  7  volt  range  to  remain  within  the  limits  of 
the  filters. 

Following  amplification,  these  signals  were  low-pass  filtered  using  either 
an  Ithaco  Model  4113  or  Model  4213  analog  filter.  These  filters  provide  3  dB 
attenuatitm  at  die  set  cutoff  frequency,  with  a  roll-off  of  80  dB/octave.  Cutoff 
firequencies  were  set  at  SO  kHz  for  sampling  rates  greater  duui  100  kHz,  and  at  the 
next  available  setting  bdow  die  Nyquist  frequency  (1/2  the  san^ling  frequency) 
for  sampling  frequencies  of  1(X)  Idlz  or  lower.  The  latter  choice  was  drivoi  by 
aliasing  problems  when  die  Nyquist  frequency  fell  within  the  energy-containing 
portion  of  the  plectrum. 
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3.8.3  Data  Aoquisiti(»  Hardware 

I^limiiiaiy  data  were  obtained  using  a  MASSCX>MP  5500  data 
aoquisitkm  system.  This  system  consisted  of  two  12-bit  A/D  converters  coupled 
with  an  eight  channel  saiqile-and-hdd  unit  The  A/D's  had  a  range  of  0-10  volts, 
and  were  operated  in  a  differential  mode  to  minimize  signal  noise  through 
comnoon  mode  rejection.  Maximum  sampling  frequency  per  channel  was  a 
fiinctirm  of  the  number  of  duumels  used,  but  could  not  occeed  500  kHz  for  two 
channels.  Most  eight-  channel  runs  were  accoaq>lished  at  100  kHz/channel  Data 
storage  was  limited  to  800  records,  where  one  record  contains  1024  data  points. 

The  majority  of  data  acquisition  was  done  using  two  LeCroy  Model  6810 
Waveform  Recorders  (12  bit  A/D  converters)  with  four  megabytes  of  memory 
each.  Sampling  rates  (per  channel)  for  tins  system  were  limited  to  5  MHz  for  two 
channels  or  1  MHz  for  eight  diannels.  Additionally,  the  LeOroy  system  allowed 
individual  tailoring  of  each  duumel  input  voltage  range,  providing  greater  A/D 
resolution  without  lequiiing  maximum  gain  from  the  ainplifiere.  As  with  the 
MASSCX)MP  system,  the  LeOroy  A^'s  were  operated  in  a  differential  mode. 

3.9  Calibration  and  Noise 

CaMteation  of  all  probe  and  surface  transducers  was  carried  out  daily 
prior  to  any  run.  ftessure  transducers  were  calibrated  at  low  levels  using  a  Heise 
Model  710A  digital  pressure  gauge  witii  a  resolution  of  .(X)l  psia  (6.9  Pa),  which 
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itself  was  zeroed  daily  to  25  millitorr  (33  Pa)  against  a  Hastings  Vacuum  Gauge. 
Higher  pressure  calibrati<»s  for  pitot  surv^  were  made  against  a  SO  psi  (0.35 
MPa)  Heise  dial  gauge  with  a  resolution  of  0.05  psi  (345  Pa).  Calibration  of  die 
LVDT  was  made  against  die  dial  gauge  described  in  secdcm  3.4.1.  Calibration 
data  were  least-squares  fit  to  a  strait  line.  IVpically  four  to  ten  points  were  used 
to  generate  each  calibration  curve,  using  oily  points  that  were  within  1%  of  their 
predicted  value. 

Following  each  calibration  and  prior  to  taking  actual  data,  a  simulated  run 
was  acconqilished  widi  transducers  under  static  load.  These  data  were  analyzed 
and  provided  noise  levels  for  conqiatison  widi  measurements  frmn  actual  runs. 
Noise  levels  obtained  using  this  approach  ranged  from  ±2  to  ±15  A/D  counts  (out 
of  a  possible  4096).  Conqiarison  actual  and  noise  RMS  values  gave  signal-m- 
noise  ratios  from  Khl  for  measurements  in  the  undisturbed  boundary  layer  to 
5(X):1  for  measurements  in  the  separated  regitn,  and  200:1  for  the  fluctuating 
pitot  pressure  measurements. 

3.10  Flow  Visualization 

Some  surfree  flow  visualization  was  performed  to  obtain  a  global  mean 
picture  of  several  cf  die  interactions.  The  technique  enqiloyed  a  sli^t  variation 
cf  duu  described  by  Setdes  and  Tei^  (1982).  A  fluid  paste  of  finely  ground 
graphite  and  diesel  fiiel,  widi  a  small  amount  of  kerosoie,  was  qrplied  to  the 
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tunnel  floor  or  nmp  surface  immediately  prior  to  a  ran.  Surface  shear  stress 
during  the  ran  ^nead  the  mixtuie  over  die  surface.  Low  static  pressures  and  hi^ 
wall  tenqieratures  caused  most  of  tl»  fluid  to  evqxxate.  The  pattern  left  in  the 
thin  layer  of  grqihite  was  dien  removed  using  large  sheets  of  transparent  tape  and 
mounted  on  pqier.  In  diis  manner,  a  quick  undistorted  image  of  the  surface 
streaks  was  obtained. 

3.1 1  Upstream  Flow  Conditions 

Nominal  flow  conditions  are  presented  in  Tkble  3*2.  Actual  stagnation 
pressure  ranged  fiom  32S-33S  psia  (22-Z3  MPa)  during  the  test  program,  but  did 
not  vary  by  more  duoi  4  paa  (.03  MPa)  during  any  given  ran.  The  higher 
pressure  settings  were  necessary  to  overcome  occasional  tunnel  starting 
problems.  The  stagnation  temperature  varied  from  630^5  deg  R  (350-385  K) 
during  the  coarse  of  the  test,  mosdy  due  to  seasonal  changes  in  outside 
temperature.  However,  variation  during  a  given  run  did  not  exceed  2  deg  R  (1 
K). 

The  incoming  boundary  layer  developed  under  approximately  adiabatic 
conditions,  and  transitioned  naturally  on  the  tunnel  floor.  Conventional  pitot 
pressure  surveys  were  made  at  several  streamwise  portions  wititin  tiie  test 
section  to  quantify  the  character  <rf  the  incoming  boundary  layer.  The  data  were 
reduced  assuming  a  piecewise  linear  decrease  in  total  temperature  across  the 
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boundary  layer  based  on  total  temperature  surveys  made  by  Shau  [1991].  Static 
pressure  was  assumed  cmistant  tfarou^  die  boundary  layer. 


4.95 

4.95 

U 

«• 

2540  frA 

773m/i5 

Re 

153x10* /ft 

503x10^^1 

Po 

330psia 

238  MPa 

To 

640  ®R 

356  K 

039  in 

0.70  in 

1.77  cm 

111^6  3-2;  Incoming  Flow  Cmdidons 

A  least-squares  fit  the  data  to  the  law  of  die  wall/law  of  the  wake  was  carried 
out  using  die  method  of  Sun  and  Childs  [1973]  to  determine  the  wall  skin  friction 
(C^  and  Coles*  wake  parameter  (11)  (Coles  [195Q).  Data  points  bdow  y*"  =  1(X) 


were  diacaided  prior  to  curve-fitting  because  of  near-wall  interference.  Results 
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of  this  analysis  are  presrated  in  Table  3-3,  and  a  typical  fit  of  the  data  is  shown  in 
Fig  3-S.  The  value  of  (S])  just  upstream  of  the  baseline  compression 

comer  interacticm  (3.7S  inches  downstream  of  the  nozzlcAest  section  junction)  is 
used  to  normalize  lengths  in  the  current  work. 

Based  on  an  enqnrical  oonelation  of  a  large  database  of  both  equilibrium 
and  tKmequilibtium  incompressible  boundary  layers.  Das  [1987]  has  obtained  the 
following  relationship  (also  cited  in  White  [1991])  between  the  non-dimensional 
pressure  gradient  and  G>les*  wake  parameter  (11): 

—  ^  s  -0.4 + 0.76  n  +  0.42  n*  (3-1) 
tw  dx 

Bradshaw  [1977]  indicates  that  11  is  also  somewhat  dependent  on  Mach  number, 
particularly  for  M>5.  The  wake  parameter  values  in  the  current  study  reflect  a 
slight  adverse  pressure  gradient,  ccmtrary  to  die  findings  of  previous  investigators 
who  assumed  a  constant  total  tenq)erature  through  the  boundary  layer.  Variation 
in  n  over  the  mrveyed  range  is  felt  to  be  sufficiently  small  to  consider  the 
boundary  layer  as  being  in  equilibrium.  Surveys  made  by  Nordyke  [1987]  at 
several  qmnwise  locations  indicated  that  the  incoming  boundary  layer  was  also 
nominally  two-dimensional. 

In  addition  to  die  mean  flow  surveys,  fluctuating  surface  and  pitot  pressure 
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measurements  of  tihe  undisturbed  boundary  layer  were  made.  The  surface 
measurements  were  consistent  with  diose  of  Gramann  [1989]  for  the  same  flow. 
Gramann  found  his  results  ooixq>ared  favonbly  with  diose  of  other  investigators. 
Skewness  and  kurtosis  values  from  the  pitot  pressure  data  were  ctmsistent  widi 
hot  wire  obtained  by  Spina  [1988]  in  a  Madi  3  boundary  layer,  and  with  hot 
wire  measurements  rn»A^.  by  Shau  in  the  BRC  tunnel  (Hg.  3-6). 
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lU>le3-3:  Undistuibed  Boundaiy  l^yer  Parameters 


Chapter  4 

Analysis  Techniques 


This  chi^Ker  describes  analysis  techniques  used  in  die  current  study.  The 
first  section  explains  basic  statistical  and  time  series  analysis  methods  iqiplied  to 
wall  and  pitot  pressure  rignals.  Section  two  focuses  on  event  detection 
techniques.  The  chqiter  concludes  with  a  discussion  of  condititmal  analyses 
baaed  on  these  events. 

4.1  Basic  Statistical  and  Time  Series  Analysis 

Basic  statistical  quantities  were  calculated  for  bodi  wall  pressure  and  pitot 
pressure  signals.  These  included  signal  mean,  standard  deviation,  skewness 
coefficient,  and  flatness  coefficient  The  mean  value  of  a  signal  is  cmnputed  using 
the  equation: 

h.  -  i  I  PCi)  (^1) 

"  M 

where  p(t.)  is  the  signal  value  at  time  t-,  and  N  is  the  number  of  data  points  in  the 
sanqile  set  In  the  current  study,  mean  fluctuating  pitot  pressure  values  upstream 
of  die  interaction  compared  very  wdl  widi  pitot  pressures  obtained  using  a 
conventional  {titot  probe.  This  was  not  the  case  for  die  flow  above  die  ranqi 
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surface,  and  is  discussed  further  in  Section  522.1. 

The  standard  deviation  (or  RMS)  of  a  signal  is  confuted  as: 

t-1 

Standard  deviadon  is  a  measure  of  die  width  of  die  amplitude  probability  density 
distribution  (FDD)  about  the  mean  value.  Because  all  cmtributions  to  are 
positive,  it  provides  no  infonnation  about  any  asymmetry  of  the  signal  FDD.  The 
signal  skewness  coefiBcient  on  die  odier  hand,  dqiends  only  on  such  asymmetry. 
It  is  calculated  using  die  equaticm: 

The  skewness  coefficient  may  take  txi  positive  or  negative  values.  A  signal  with  a 
purely  symmetric  FDD  (such  as  a  Gaussian  distribution)  would  have  a  skewness 
coefficient  of  zero.  It  is  strtmgly  influenced  by  values  far  Iran  the  mean. 

The  flatness  coefficient  (or  kurtosis)  is  computed  using  the  following: 

It  is  a  measure  <d  how  frequently  a  agnal  takes  on  values  far  from  the  mean.  A 
signal  with  a  Gaussian  FDD  has  a  flatness  coefficient  of  3.0. 
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Note  that  both  the  skewness  and  flatness  coefficients  are  normalized 
quantities.  This  normalization  was  understood  in  Section  3.11  when  comparing 
boundary  layer  characteristics  determined  by  fluctuating  pitot  probes  and  hot 
wires. 

Aoq)titude  probability  densi^  distributions  were  computed  for  each 
signal  For  some  data,  multiple  peaksAnodes  in  the  FDD’s  were  used  to 
distinguish  specific  flow  conditions,  which  is  discussed  further  in  Section  4.2. 

The  time  dependent  nature  of  the  data  was  examined  using  standard  time 
series  analysis,  l^th  the  mean  of  the  tignal  removed,  spectral  coefficients  were 
computed  using  a  Fast  Fourier  Thuisform.  Spectral  coefficients  are  conqiuted 
following  equatitm  (11.102)  of  Bendat  and  Piersol  [1986]: 


G„(fk)- „  ^  .  y  IXi(fi)  1*  (4-5) 

iidNAt  j., 

where: 

iid 

number  of  contiguous  equal-length  records  into  which  the 
signal  is  divided  (the  uncertainty  in  the  spectral 
coefficients  being  propOTtioiud 
tol/hj) 

N 

number  of  data  points  in  each  record 

At  = 

reciprocal  of  the  sampling  frequency 

fk 

^  k  =  01,2  ~ 
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Xi(fk)  -  the  complex  Fourier  conqxments  of  the  signal  for  record  i 

=  At2:x(ti)e  ^  (j  =  >M) 

naO 

Xi(tn)  =  signal  value  at  tune  ^  widiin  record  i 

The  length  of  each  record  (N)  was  fixed  duoughout  most  of  the  study  at 
1024  points.  Frequency  resoludcm  was  dins  set  at  1/(1024  At),  with  the  maximum 
resolvable  fitequency  being  the  Nyquist  fiequency.  A  cosine  tiqiier  was  qiplied  to 
the  first  and  last  10%  of  the  in  each  record  to  eliminate  discontinuities  at  the 

record  boundaries  and  suppress  die  associated  distortion  of  the  energy  spectra. 
The  number  of  records  in  a  data  set  (n^)  varied  from  100  to  1024.  depending  on 
the  number  of  channels  sariqited  and  available  data  acquisition  memory. 
Statistical  moments  and  spectral  coefficients  ctmverged  using  as  few  as  50 
records. 

Power  ifiectia  show  signal  energy  content  in  the  frequency  dcnnain. 
Frequency  is  usually  plotted  as  log(f)  along  die  x-axis.  G^(f)  may  be  plotted 
dimensionally  (widi  units  of  psi^^lz  for  die  pressure  data)  as  log(G^(f))  along 
the  y-axis  to  examiiie  the  signal  frequency  content  in  an  absolute  sense. 
Alternatively,  the  q;>ectral  coefficients  may  be  plotted  as  G„(f)  where  the 
area  under  die  curve  between  two  frequencies  (when  the  frequency  axis  is  plotted 
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on  a  logarithmic  scale)  provides  a  measure  of  that  band’s  firactional  contribution 
to  the  overall  signal  variance  (the  total  area  under  the  curve  being  1). 

For  some  two^hannel  data,  cross-conelations  and  coherence  function 
spectra  were  computed.  The  cross-correlatia)  coefficient  for  two  signals  x(tj)  and 
y(t,)  is  a  function  of  the  time-delay,  t.  Again  following  Bendat  and  Piersol 
[1986].  equatimi  (1 1.137).  it  is  conqrated  from  the  equation: 

1  N-f 

Rxy  (rAt)*  ^  £  x(lB)y(tB+rAt)  (r*0.1....4n<N)  (4-6) 

where  t  «  r  At.  and  x  and  y  represent  deviations  frcmi  their  respective  signal 
mean.  By  ncnmalizing  by  0^0^,  the  range  of  the  resulting  measure  is 
constrained  between  -1  and  -t-1.  Normalized  cross-correlation  values  near  1  or  -1 
indicate  that  the  two  signals  are  very  similar.  Peaks  in  the  cross-correlation  at 
positive  time-delay  values  indicate  by  how  nouch  time  events  in  the  primary 
signal  (  X  in  equation  4-6  )  lead  associated  events  on  the  follower  signal  (  y  in 
equation  4-6).  Likewise,  negative  time-delay  values  reflect  a  general  lag  in 
events  occurring  in  the  primary  signal  These  time-delay  values,  along  with  a 
known  streamwise  distance  separating  the  coireqxmding  transducers,  can  be  used 
to  calculate  broad-band  ccmvective  vdocities  of  flow  structures  m  features. 

Cdietence  is  a  measure  of  the  conelation  of  two  signals  in  the  frequency 
domain.  It  may  be  coiiq)uted  by  die  equation: 
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I^X>(4)  Y(4)l^  (k=0.1,..W)  (4-7) 


where: 

Gxx>C^  =  spectral  coefScients  of  x  and  y 

X,Y  s  Fourier  cooqxxientsctfx  and  y 

X*  =  cQnq)lex  conjugate  of  X 

QAerence  takes  (Hi  values  between  Oand  1;  die  higher  die  value,  die  stnmger  the 
(XHieladon  between  the  two  signals  (at  the  qiecified  frequency).  Further 
desci^<Hi  of  these  quantities  can  be  found  in  Bendat  and  Piersol  [1986]. 

A2  Event  Detection  Mediods 

4.2.1  Probability  Distributicm  Techniqiw 

Wall  pressure  signals  widiin  the  regitm  of  separaticm  sh(x:k  moticm  were 
used  to  determine  local  shock  positi<Hi  and  moticm  using  the  two-threshold 
method  (TIM)  described  by  Dolling  and  Brusniak  [1989].  The  process  is 
described  here  for  conqileteness,  and  an  exanqile  is  provided  in  Hgure  4-1.  The 
sketch  at  the  top  of  Hg.4-1  provides  a  reference  relative  to  the  canna  and 
sqiaratkHi  line  seen  in  the  surface  flow  visualizaticm.  This  technique  takes 
advantage  of  die  Gaussian  FDD  normally  associated  widi  the  wall  pressure  rignal 


of  an  undisturbed  turbulent  boundary  layer.  To  begin,  the  PDD  (Hg.  4-lc)  of  a 
wall  pressure  signal  (Hg.  4-lb)  is  examined  for  ntm-zero  skewness  or  multiitKxlal 
character,  thereby  distinguishing  it  from  signals  !)iduch  are  present  upstream  of 
the  interacticm.  If  such  is  found  aixi  the  value  of  die  Qower)  peak  falls  within  a 
specified  tolerance  of  the  ejqiected  undisturbed  wall  pressure,  the  peak  is  flagged 
as  the  mean  "upstream"  boundary  layer  pressure  (Pwo)-  Pressures  in  the  data  set 
less  than  this  value  are  used  to  calculate  the  "upstream"  boundary  layer  pressure 
standard  deviation  A  dneshold  can  dien  be  established  following  the 

general  fonn  P.p|j  »  P^q  +  n  Op^,  where  n  is  chosen  to  be  sufficiendy  large  to 
avoid  confusing  most  turbulence  fluctuations  with  separation  shock  motion.  A 
second  ducshold  of  similar  form  is  used  in  the  TTM  to  provide  a  detection  dead¬ 
band  and  hence  decrease  sensitivity  to  signal  noise  or  turbulence  fluctuations 
superimposed  on  the  separation  shock  trace.  Next,  each  sample  in  the  wall 
pressure  signal  is  compared  against  die  two  thresholds:  **TH1  *  Pwo  +  "lOpwo  ’ 
^TH2  ~  of  tij  and  02  were  chosen  in  accordance  with  die 

results  of  Dolling  and  Brusniak  as  3  and  6,  reflectively.  When  the  surface 
jnessure  increases  and  crosses  both  Pyuj,  and  Pjiq,  the  separation  shock  is 
detected  moving  upstream  of  the  measurement  station.  Similaily,  when  die 
surface  pressure  drops  below  P^  and  Pyuj,  die  separation  shock  is  detected 
moving  downstream  of  the  measurement  station.  For  consistency,  die  shock  is 
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designated  as  being  at  the  transducer  immediately  after  it  crosses 
moving  upstream  or  immediately  before  crossing  when  moving  downstream. 
Using  this  approach,  the  raw  pressure  signal  can  be  converted  into  an  "event- 
driven"  boxcar  signal  (Hg.  4-ld),  whidi  is  given  a  value  of  0  when  the  separation 
shock  is  downstream  of  the  transducer  and  has  a  value  of  1  when  it  is  upstream 
Because  of  their  highly  skewed/multi-modal  prbbabiliQr  density 
distributions,  a  similar  evoit  detection  scheme  was  applied  to  fluctuating  pitot 
pressure  measurements  made  downstream  of  die  compression  comer. 


4.2.2  VITA  Technique 

Another  qiproach  to  event  detection  was  applied  to  the  fluctuating  pitot 
pressure  signals  measured  in  the  incoming  boundary  layer  and  the  flowfield 
downstream  of  the  boundary  layer  manipulators.  In  this  case,  an  "event"  is  defined 
as  when  the  pitot  pressure  RMS  value  exceeds  some  (large)  multiple  of  the 
fipeestream  RMS  level.  These  events  were  detected  using  the  Variable  Interval 
Time  Averaging  (VITA)  technique  [Blackwelder  and  Kiqplan,  1976].  The  analysis 
begins  with  the  calculation  of  die  signal  short  tenn  variance: 


140JT. 

<4-:^  J  p»(t)dt- 


l-OJT. 


H05Ta 


:ir  /  W* 

*•»  i-o5r. 


(4-8) 


where  T^  is  the  averaging  window  set  by  die  user  and  P(t)  is  die  signal  being 
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analyzed.  An  event  occurs  when  the  short  tenn  variance  exceeds  a  user  specified 
threshold  (Tj|j).  Integration  was  perfixmed  numerically  using  Simpson’s  rule. 

Some  insist  into  the  choice  and  effect  can  be  gained  through 
iq>plication  of  the  VITA  technique  to  a  simple  sine  wave: 

P(t)«sin2]cft 


After  performing  the  integration,  the  short  term  variance  is  found  tt>  be: 


1 

4icfTf| 


cos(4icft)  sin(2icfrtt)  - 


sin(2jcft)  sin(jtfr„) 

TgtICf 


2 


(4-9) 


Increasing  T^fiom  values  much  less  than  1/f  to  values  q>proaching  infinity  raises 
the  short  term  variance  value  from  0  at  all  time  to  0.5  at  all  time.  A  VITA 
transformaticNi  widi  little  or  no  aitq)litQde  variation  makes  detectim  of  die 
variation  in  the  raw  signal  very  difBculL  Optimizing  T^,  dierefore,  must  focus  on 
maximizing  die  range  (ff  the  agnal’s  short  term  variance.  Sudi  a  condition  can  be 
interpreted  in  diis  exanqile  as  maximizing  the  slope  of  the  VTTA  signal.  By 
qipropriaie  differentiation,  the  "optimunf  T^  is  determined  fiom  die  roots  of  the 
equation: 


3Bsin(2icB) 


2 

— + 

K 


2icB*-— 


It 


cos(2icB) 


(4-10) 
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where  B  •  fT^.  The  only  root  Diduch  gives  an  averaging  window  smaller  than  the 
period  of  the  signal  is  B  »  0.558.  Choosing  smaller  duui  the  ofMimum  value 
produces  a  marited  reduction  of  the  VITA  signal  for  all  time.  Choosing  larger 
than  optimum  increases  the  average  short  tenn  variance  value  but  decreases  die 
VITA  signal  RMS.  In  both  cases,  the  range  oi  die  VTIA  signal  is  reduced  and  the 
ability  to  detect  tiie  sine  wave  becomes  more  difficult  From  tiiese  results,  the 
VITA  technique  may  be  drought  of  as  a  band-pass  filter  "centered"  about  a 
fiequency  1/T^  From  dtis  analytic  result  it  was  decided  to  choose  T,^  for  the 
more  general  fluctuating  pitot  pressure  signals  of  the  current  study  based  on 
maximizing  die  overall  RMS  of  the  VTIA  signal  The  qiecific  value  varied 
slighdy  fiom  signal  to  signal  and  a  single  representative  T^  was  ^iplied  in  all 
analyses. 

The  next  step  in  event  detection  using  the  VITA  technique  is  the 
establishment  of  a  dneshold.  Events  begin  or  end  when  the  VITA  signal  exceeds 
or  falls  below  this  threshtrid,  reflectively.  The  result  is  a  boxcar  rqnesentation  trf 
die  signal  similar  to  that  obtained  fiom  the  TTM  above.  In  the  current  study,  Tfu 
was  set  as  a  multiple  of  the  average  frecstream  VTIA  value  (0.013  psia^).  CTioice 
d  the  nniltqriier  was  made  by  examining  the  sensitivity  of  boundary  layer  edge 
intennitieocy  (described  below)  to  die  tfareshcdd  mnltqilier,  followed  by 
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visual  CTamination  of  the  leailting  events.  Morrison  et  al.  [1989]  determined 
that  the  leliabili^  of  event  detectitn  using  the  VITA  technique  was  improved  if 
an  addidcHial  ccMistraint  (a  Tevel")  was  applied  to  die  raw  signal  For  this  study, 
the  end  of  an  event  also  requhed  that  the  pitot  inessure  value  be  within  a  given 
percentage  of  the  freestream  pitot  pressure.  As  Selig  and  Smits  [1991]  found 
with  their  hot  wire  data,  was  not  very  sensitive  to  the  "level"  threshold.  A 
value  of  75%  of  die  freestream  intot  inessure  was  used  tinoughout  the  current 
analyses. 


4.3  Conditicmal  Data  Analyses 

Once  the  raw  agnals  were  transformed  to  the  sinqiler  boxcar 
representations,  single  diannel  event  statistics  were  calculated.  Event 
intermittency  was  determined  by  dividing  the  total  "event-present"  time  (boxcar 
signal  s  1)  by  the  total  sanqiling  time.  Thus,  intermittency  values  could  range 
from  0  to  1  (or  0%  to  1(X)%).  A  measure  cS  event  frequency  was  obtained  by 
taking  die  reciprocal  of  the  average  time  interval  between  successive  event  starts. 
This  is  calculated  from  die  equation: 


f« 


1 

N-1 


N-t 


ETi 


-1 


(4-11) 


where  N  is  die  total  number  of  events  and  T.  is  the  time  interval  between  rise,  and 
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rise^j  in  the  boxcar  signal  (as  seen  in  Fig.  4- Id  for  a  wall  pressure  signal).  In 
refiBience  to  the  upstream  fluctuating  pitot  pressure,  the  intennittency  represents 
the  boundary  layer  edge  interrruttency  and  the  event  fiiequency  the 

interface  crossing  firequency  (f.).  For  die  surface  pressure  measurements,  the 
labels  are  separation  shock  intennittency  (Y)  and  zero-crossing  frequency  (f^. 
While  Dolling  and  Brusniak  [1989]  do  show  that  die  maxima  in  die  distribudcm 
fall  close  to  the  crater  frequency  of  die  surface  pressure  power  spectrum,  the 
label  is  not  meant  to  inqily  diat  die  shock  motion  exhibits  a  dominant  period  of 
1/f^.  Examiiuuion  of  the  distributicm  of  event  periods  by  Nordyke  [1987],  in  fact, 
show  the  separation  shock  periods  to  be  hi^y  skewed  toward  periods 
significandy  shorter  than  1/f^. 

Boxcar  signals  from  simultaneous  surface  pressure  signals  were  used  to 
define  the  sticamwise  position  history  of  the  separation  shock.  Based  on  the  way 
in  which  the  boxcar  signals  are  nested,  a  shock  passage  at  given  location  could  be 
labeled  as  being  part  of  a  shock  turn-around  or  a  shock  sweqi.  This  is  illustrated 
in  Hg.  4-2.  Shock  passages  which  begin  or  end  a  sweqi  are  also  involved  in  a 
shock  turn-around,  unless  they  are  at  the  end  of  the  measurement  field.  In  the 
latter  case,  diere  exists  no  way  of  detraaoining  the  separation  shock  motion  until  it 
returns  to  the  end-  channel. 

Conditional  ensemble-averaged  surface  pressure  time  histories  based  on 
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shock  positicHi  were  calculated  using  the  vaxiable-window  ensemble-averaging 
technique  of  Erengil  and  Dolling  [1991a].  In  this  procedure  (illustrated  for  two 
channels  in  Figure  4-3),  a  boxcar  signal  from  the  triggering  channel  is  searched 
for  a  specified  ccmdition,  si'ch  as  the  passage  oi  the  separatkm  shock  in  the 
upstream  direction  (a  rise  in  the  boxcar  signal).  When  such  an  occurrence  is 
found,  the  data  for  all  channels  (trigger  and  follower  channels)  are  extracted  over 
a  given  time  window  about  the  triggering  event  (the  window  is  labeled  "W"  Figs. 
4-3a  and  d).  The  label  "follower  channel"  is  used  here  to  indicate  that  the 
ensembles  extracted  firom  this  channel  are  based  on  events  of  another  channel. 
The  time  of  the  triggering  event  is  assigned  die  value  xaO.  Discrete  sanpling 
times  preceding  the  triggering  event  take  (xi  values  of  x<0,  and  diose  following  it 
take  on  values  of  'oO.  The  ends  of  die  window  are  set  at  dw  mid-points  between 
the  triggering  event  and  the  previous^ollowing  boxcar  change-of-state.  In  the 
exanqile  of  Hg.  4-3,  ensemble  windows  begin  half-way  between  the  preceding 
boxcar  fall  and  triggering  rise,  and  end  half-way  to  the  following  boxcar  fall. 
Varying  the  window  in  this  manner  isolates  phenomena  associated  with  the 
trig^ring  event  from  those  associated  with  other  events.  The  ensembles  from 
each  channel  are  summed,  by  t-register,  widi  ensembles  of  previously  determined 
like  events  (Hgs.  4-3b  and  e).  The  ensembles  in  these  figures  are  offset  for  clarity. 
Final  sums  are  normalized  by  die  number  of  ensembles  in  each  register. 
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producing  an  ensemble-averaged  time  history  for  each  channel  (Hgs  4-3c  and  f). 
The  result  is  a  set  of  synchrmized  average  wall  pressure  time  histories  at  various 
locations  which  share  only  the  event  <m  die  triggering  channel. 

In  a  more  ludimentaiy  manner,  separation  shock  position  was  used  in 
cmjunctimi  with  simultaneous  flucoiating  pitot  pressure  measurements  to  provide 
"frozen"  pitot  pressure  profiles  above  die  surface  of  the  compressicm  comer.  Pitot 
pressure  values  were  extracted  for  those  periods  of  time  when  the  separation 
shock  fell  between  two  qiedfied  surface  transducers,  then  averaged.  By  repeating 
this  process  at  several  probe  locations  and  using  different  surface  transducer 
pairs,  "frozen"  pitot  pressure  profiles  could  be  constructed  corresponding  to  a 
given  separation  shock  position.  The  results  of  this  analysis  are  presented  in 
Sections  S2.2.1  and  6.2.3. 

Finally,  die  relative  timing  between  event  edges  (rises  and  falls  in  the 
boxcar  signal)  of  two  simultaneously  acquired  data  sets  was  examined.  This 
event  rdative  timing  analysis  (ERTA)  was  developed  as  part  of  the  current  study 
and  is  based  on  histograms  describing  the  likelihood  of  changes-of-state  in  two 
different  boxcar  signals  being  separated  by  given  time  intervals. 

Fcdlowing  independent  conversion  of  raw  data  signals  to  boxcar  signals, 
die  analysis  was  carried  out  in  a  six  step  process; 


1)  Select  two  boxcar  signals  to  be  compared  and  assign  one  to  serve  as  the 


68 


trigger  signal  Timing  of  event  edges  of  die  foUower  signal  ate  measured 
relative  to  event  edges  of  die  trigger  channel 

2)  Choose  an  event  edge  pair  of  interest  This  may  be  a  trigger-signal- 
rise/follower-signal-rise,  or  a  trigger-signal-rise^ollower-signal-fall  etc.  The 
choice  of  the  event  edge  pair  may  be  suggested  by  die  expected  behavior  of  the 
flow,  though  all  four  possible  cmnbinatitms  may  be  examined  if  there  is  no 
previous  infonnation  on  whidi  to  base  a  choice. 

3)  Choose  an  observation  window  coitered  <m  die  trigger  signal  event  edge.  All 
follower  signal  event  edges  udiich  fall  widiin  the  observatim  window  contribute 
to  the  histogram.  Typically,  this  window  is  initially  set  large  to  establish  an 
"unconrelated"  level  which  shows  up  as  a  flat^iing  of  the  histogram.  The 
observation  window  size  is  then  reduced  to  focus  on  the  peak  in  the  histogram. 

4)  Create  a  single  time  histogram.  Since  data  are  obtained  at  discrete  time 

intervals,  placing  between  event  pairs  can  occur  cmly  at  integer  multiples  of  the 
sampling  period.  In  this  histogram,  each  integer  multiplier  rqnesents  a  class. 
Deaiie  the  event  edge  sepBMioa  tiiw  »  T  .  ^  ^ ^ 

5)  Create  a  rolling  average  histogram.  A  rolling  average  of  the  event  frequencies 
(of  occurrence)  in  4)  are  used  to  resolve  the  dominant  fitequency  (of  the  event 
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pair  time  separatioii)  and  the  window  about  which  this  frequency  is 

distributed.  While  increasing  die  averaging  window  (within  reason)  enhanced  the 
peak,  it  also  spread  die  peak.  The  averaging  window  was  therefore  chosen  as  the 
minimum  which  defined  the  peak  in  die  histogram.  Cutoff  for  the  x  ^  was 

Spread 

chosen  to  be  the  classes  at  which  the  fiequency  distributicMi  leveled  out  If  no 
peak  was  found  in  the  histogram,  the  event  edge  pair  was  determined  to  be 
uncorrelated  and  no  further  analysis  was  performed. 

6)  Obtain  die  relative  significance  of  die  dominant  event  Return  to  4)  and  sum 
all  events  within  x^^^,  dien  normalize  by  the  minimum  of  either  the  number  of 
events  on  the  trigger  channel  or  the  number  of  events  on  die  follower  channel  To 
be  a  relevant  pairing,  the  normalized  sum  must  exceed  a  predetermined  value. 
The  value  chosen  for  die  current  study  was  30%. 

Figure  4-4  illustrates  how  an  ERTA  histogram  is  created  for  a  rise-rise 
event  edge  pair.  An  example  of  this  analysis  is  depicted  in  Figure  4-5  for  two 
boxcar  signals  firom  surface  pressure  transducers  beneadi  the  translating 
separatkm  shock.  The  trigger  signal  cmnes  firom  die  upstream  transducer. 
Positive  values  of  x  represent  sectxidary  rignal  event  edges  preceding  those  of  the 
trigger  signal  and  vice  versa  for  negative  values  of  x.  The  first  pair  of  figures 
(Hp  4-Sa  and  b)  consider  the  rise/rise  event  edge  pair,  corresponding  to  an 
upstream  motion  oi  the  separation  shock.  The  second  pair  of  figures  (Figs  4-Sc 
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and  d)  amsider  the  fall/M  event  edge  pair,  corresponding  to  a  downstream 
separatum  shock  motion.  Figures  4-Sa  and  c  use  a  very  wide  timing  window  to 
highlight  the  peaks  and  unconelated  level,  while  Hgures  4-5b  and  d  focus  on  the 
peaks.  As  can  be  seen,  the  peak  in  dm  upstream  sweep  hismgram  occurs  at  a 
positive  time,  indicating  that  rises  in  the  downstream  boxcar  signal  generally 
precede  rises  in  die  upstream  boxcar  signal  The  peak  (0.00  ms  <  x  <  0.20  ms) 
represents  37%  of  the  upstream  diannel  rises.  This  number  is  very  close  to  that 
obtained  by  summing  all  upstream  shock  sweeps  which  include  these  two 
channels  and  dividing  by  the  total  number  of  events  on  the  trigger  channel  (44%). 
A  convection  shock  speed  of  .06U^  is  obtained  by  dividing  die  distance  between 
the  surface  transducers  by  die  time  oS  the  peak  (0.065  ms),  which  is  consisrent 
with  previous  findings  using  different  techniques  (Dolling  era/.  [1991]).  Similar 
information  is  found  in  the  downstream  sweep  histogram,  where  the  primary 
signal  falls  goierally  precede  those  of  the  downstream  signal  In  addititm  to 
finding  die  peak  value,  this  method  provides  a  measure  of  the  distributicm  of  the 
events  about  the  peak. 

It  should  be  emphasized  diat  this  example  is  for  event  pairs  with  a 
previously  known  relationship.  This  provides  a  means  of  establidiing  the  validity 
of  the  technique.  Further,  this  technique  dqiends  on  a  probability  distributitxi 
event  edge  timing  and,  hence,  requires  both  apprcqniately  defined  events  and  a 
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sufficioitly  lai^  sanqile  set  to  produce  a  reasonable  hisu>gram.  Choice  of  the 
number  of  trigger  channel  events  to  nonnalize  the  class  probability  is  somewhat 
arbitrary,  though  probably  die  most  meaningful  of  the  available  normalizing 
values.  The  class  probability  must  be  considered  in  a  relative  sense,  anyway. 
The  values  of  separation  rime  are  not  subjective,  and  are  the  inqxurtant  result  of 
the  analysis.  The  overall  technique  differs  frcmi  a  pure  cross-correlation  of  the 
boxcar  signal  (such  as  d(»e  by  Shau  [1990])  in  that  it  independently  examines 
correlations  between  event  edges  (beginnings  and  endings). 


Chapters 

Baseline  Compression  Comer  Interaction 


This  chapter  examines  die  baseline  compression  comer  interaction  in  li^t 
of  the  findings  of  die  current  study.  Cooqiarisons  show  diat  results  this  study 
agree  well  widi  diose  of  earlier  studies.  New  ingghtK  into  the  driving  mechanism 
are  provided  duou^  a  modified  ensoiible-averaging  technique.  Fluctuating  pitot 
pressure  results  above  the  rasq)  face  are  presented,  and  are  shown  to  correlate 
with  the  motion  of  the  separatkn  shock.  Results  of  this  sectitm  are  referenced 
later  in  corrqiaiisons  widi  the  results  of  the  pertuihation  studies  reported  in 
Chapters  6  and  7. 

5.1  Flow  Features  Upstream  of  the  Comer 

5.1.1  Surface  Flow  Visualization 

A  kerosene-lanqiblack  image  of  die  baseline  surface  features  is  presented 

in  Hgure  5-1.  This  technique  has  virtually  no  frequency  response.  In  an 

unsteady  flow,  die  resulting  features  oq^tured  in  die  image  are  felt  to  reflect  a 

time-average  the  surface  shear  stress  direction.  As  discussed  later  in  regards  to 

mean  pitot  pressure  measurements,  die  true  time-averaged  value  my  differ  from 

dut  obtained  by  a  measurement  technique  widi  limited  frequency  resqxmse.  The 
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comer  line  is  perpendicular  to  die  fireestream  and  is  labeled  *C’  in  the  figure.  It 
is  the  streamwise  origin  for  all  subsequent  discussions.  The  separation  line,  ’S’,  is 
visible  immediately  iqistieam  of  the  comer  as  a  region  of  surface  tracer 
coalescence.  The  slight  curvature  in  the  sqiaration  line  is  consistent  widi 
previous  studies  of  hi^y  separated  compression  comer  interacticMis  (Selig 
[1988]),  but  is  not  felt  to  substantially  affect  study  of  the  separation  shock  motion. 
This  is  particulaily  true  near  the  centerline  of  die  model  where  the  curvature  is 
negligible.  The  separation  line  is  0.78  inch  (1.98  cm.,  X/Sj  ■  1>11)  upstream  of 
the  comer  at  the  model  centerline,  which  is  closer  to  the  comer  than  that  found  by 
Gramann  [1989]  in  the  same  facility  (0.86  inch).  This  discrepancy  may  be 
associated  widi  slight  differences  in  ramp  angle  and  also  to  the  difficulty  of 
clearly  defining  die  separatkm  line  in  the  surface  tracer  pattern.  The  difference 
falls  within  die  uncertainty  of  die  measurement  (0.13  inch,  3.42  mm)  for  the 
current  study.  No  reattachment  is  observed  on  the  ranqi  surface  which  is  possibly 
obscured  by  the  joint  line  on  the  ramp  face. 

5.1.2  Fluctuating  Surface  Pressures 

A  great  deal  of  die  current  understanding  of  die  unsteadiness  of  the 
separated  compression  comer  interacdon  in  general,  and  die  separatkm  shock  in 
particular,  has  come  from  fluctuating  surface  pressure  data.  As  such,  a  general 
examination  of  die  fluctuating  surface  pressures  upstream  of  the  comer  is 
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presented  here  both  to  highlight  certain  features  and  to  show  consistency 
between  the  current  study  and  previous  investigations. 

S.1.2.1  Stieamwise  Development  of  Interaction 

An  exaiiq)le  of  simultaneous  surface  pressure  signals  obtained  upstream  of 
the  compression  comer  are  presented  in  Hg  5-2.  The  transducers  are  aligned  in  a 
stieamwise  row  (as  indicated  in  tiie  figure)  along  the  model  centerline. 
Coordiiuires  are  refieienced  to  the  ramp  comer  (X  «  0)  and  die  direction  of  die 
freestieam  (positive).  Only  one  record  of  data  (1024  points)  is  presented  for 
clarity  in  each  case.  The  signals  are  characterized  by  junqis  between  regions  of 
low  mean,  small  anqilitude  fluctuations  (state  1),  and  regions  of  hi^  mean,  large 
anqilitude  fluctuations  (state  2).  State  1  is  found  as  far  downstream  as  *S*,  and  is 
quantitatively  similar  to  die  wall  pressure  signal  beneath  die  incoming  boundary 
layer.  State  2  is  found  as  far  upstream  as  die  upstream  influence  point  (UI) 
(defined  below).  Its  character  varies  sli^dy  as  the  comer  is  qiproached. 
Conqiariscm  of  the  signals  in  Rg.  S-2  shows  that  the  changes  in  state  at  a  given 
location  are  uniquely  related  to  die  states  existing  at  positions  both  upstream  and 
downstream  of  dutt  location,  llranation  from  State  1  to  State  2  occurs  when  all 
downstream  locations  are  already  at  State  2.  Likewise,  a  transition  from  State  2 
to  State  1  occurs  only  lichen  all  upstream  locations  are  already  at  State  1. 

This  two-state  behavior  can  also  be  observed  in  die  signal  amplitude 
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probability  density  disttibudons  (Hg  S-3).  The  bimodal  nature  of  die  FDD’s  is 
particularly  evident  in  curves  e,  f,  and  g.  For  clarity  of  presentation,  the  low 
mode  of  each  distribution  has  been  set  to  P  »  0.66  psia,  which  requires  a 
maximum  shift  of  0.13  psia  to  any  signal  The  amilarity  of  the  local  distribution 
about  this  noode  indicates  that  State  1  is  effectively  die  same  for  all  statimis. 

The  increasing  presence  of  State  2  is  reflected  in  the  streamwise 
distrihution  of  die  statistical  moments,  as  shown  in  Fig  S-4.  The  mean  wall 
pressure  and  RMS  distribution  of  die  current  stutty  (Hg  S-4  a  and  b,  reflectively) 
compare  well  widi  die  previous  results  of  Erengil  and  Dolling  [1991a].  Mean 
pressure  values  have  been  nonnaliaed  by  die  wall  pressure  value  just  upstream  of 
the  interaction.  Surface  pressure  RMS  values  have  been  normalized  by  the  local 
mean  wall  pressure.  The  current  data  are  shifted  downstream  of  die  previous 
results  by  almost  exactiy  one  transducer  fiacing  which  is  similar  to  the  shift 
observed  by  Gramann  and  Dolling  [1990].  The  reasm  for  diis  streamwise  diift  is 
not  known.  The  point  at  which  first  deviates  from  incoming  boundary  layer 
values  is  commonly  called  die  upstream  influence  (UI)  location,  and  is  located  a 
distance  L^j  from  die  comer.  Well  upstream  of  this  point,  the  surface  pressure 
skewness  and  flatness  coefBcients  (Hgs  S-4c  and  d)  take  on  values  reflecting  die 
(}aussian-distribntion  values  of  die  undisturbed  incoming  boundary  layer. 

The  streamwise  extent  of  die  interaction  bounded  Ity  UI  and  S  is  referred 
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to  as  the  intermittent  region  due  to  dte  nature  of  the  surface  pressure  signals,  and 
is  the  regicm  over  tidiich  the  separation  shock  ranges. 

Fig  5-S  shows  die  variation  in  surface  pressure  power  spectra  with 
streamwise  position.  As  pointed  out  in  Section  4.1.2,  plotting  the  qiectral 
coefficients  as  G(f)*f/o  ^  facilitates  determining  the  extent  to  which  a  given 
frequency  range  contributes  to  die  overall  signal  variance.  Progressim  from  UI 
to  S  is  marked  by  a  decrease  in  die  fiequency  band  in  ti^ch  energy  is 
ccMicentrated  -  from  >  5  kHz  upstream  of  the  interaction  (not  shown)  to  between 
100  and  2000  Hz  within  die  intermittent  region  -  followed  by  a  return  to  higher 
frequencies.  The  spectra  remain  broad-band  throughout,  however,  indicating  no 
resonant  behavior  on  the  pan  of  the  flow. 

Sqiaration  shock  location  and  motion  were  determined  flran  simultaneous 
surface  pressure  agnals  using  die  two  dneshold  method  described  in  Secticm 
4.2.1.  The  resulting  shock  intermittency  and  zero-crossing  frequency 
distributions  are  presented  in  Hg  5-6.  The  location  of  'S*  correlates  widi  die 
downstream  limit  of  the  separatkm  shock  motion.  Also,  as  widi  the  statistical 
moments,  good  comparison  is  found  widi  die  results  of  Erengil  and  Dolling 
[1991a].  The  interauttency  dinribution  can  be  fit  to  a  Gaustian  probability 
distribution  (Erengil  and  Dolling  [1991a]),  indicating  that  die  separation  shock 
position  is  random  about  the  mean  location  (X^^)*  The  large  variability  of  y. 
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particulariy  around  die  middle  of  the  intenmttent  region,  has  been  noted  before 
by  Gramann  [1989]  and  attributed  to  shortcomings  in  the  two  threshold  method. 
However,  examination  of  die  RMS  distribution  (Hg  S-4b),  which  is  independent 
of  the  TTM,  shows  nnrilar  scatter.  Further,  a  plot  of  RMS  versus  y  (Hg  5-7) 
shows  the  repeatability  of  die  ccnelation  between  these  two  variables.  This 
suggests  that  the  character  of  die  separation  shock  is  basically  unchanged,  despite 
the  small  streamwise  shift 

Because  part  of  die  current  study  examines  die  effect  perturbatirms  on 
the  separation  shock  dynamics  ~  including  die  extent  of  the  shock  travel-  a  less 
subjective  method  of  quantifying  die  extoit  (ff  die  separation  shock  motion  than 
visual  examinaticm  was  required.  Hus  was  accooqilished  by  fitting  the  available 
intermittency  data  to  a  Gaussian  probability  distributitHi  and  taking  the  distance 
between  and  X^^.  Defined  in  diis  way,  the  baseline  interaction  extends 
from  X/S|  *  "2.18  to  X/5j  —  *1.21. 

The  zero-crossing  fiequency  distribution  peaks  around  X^^  at  a  value 
close  to  1  kHz.  This  quantity  is  highly  sensitive  to  threshold  values  in  the  TTM. 
Further,  it  is  the  reciprocal  of  the  mean  of  a  hi^y  skewed  shock  period 
distribution  and,  hence,  shouM  not  be  confused  with  an  average  or  dominant 
fiequency  of  the  separation  shock.  It  is  used  here  for  conqiaristm  vrith  previous 
work  (as  in  Hg  S-  4d)  and  die  current  perturbation  studies. 
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S.12.2  Modified  Ensemble-Averaging  Analysis 

Analysis  by  Erengil  and  Dolling  [1991b]  found  that  changes  in  direction 
d  die  separation  shock  motion  are  associated  widi  surface  pressure  "signatures” 
which  enter  the  interaction  fiom  upstream  and  are  coincident  with  die  shock  foot 
at  the  time  of  tiie  tumaround.  This  result  was  re-examined  as  part  of  the  current 
study  to  explore  the  possibiliQf  tiutt  tiie  signatures  were  tied  to  local  shock  nootitm 
(motion  at  a  point)  and  not  necessarily  a  larger  global  shock  moticm. 

Fluctuating  surface  pressures  were  amnltaneously  acquired  at  several 
strearnwise  locations  (iqi  to  8)  at  minimnm  transducer  iqiacing.  The  shock 
posititm  relative  to  each  charmel  location  and  at  each  sanqiled  time  was 
determined  independendy  using  die  TTM.  The  resulting  boxcar  signals  woe  then 
combined  to  determine  die  global  strearnwise  shock  motion.  Every  rise  in  each 
boxcar  signal  was  determined  to  be  part  of  a  larger  upstream  shock  sweep 
(traversing  1  to  8  transducers),  and  labded  widi  the  beginning  and  end  channels 
for  dutt  sweep.  Likewise,  each  fall  was  assigned  to  a  downstream  sweep  and 
qiproptiatBly  labeled.  Global  trxMions  were  considered  exclusive  such  that  an 
event  was  assigned  only  to  the  largest  sweqt  to  which  it  could  belcmg.  Thus,  if  a 
rise  on  diannel  3  was  pan  of  an  upstream  sweep  from  channel  6  to  channel  1,  it 
was  not  also  considered  separately  as  pan  of  an  upstream  sweep  from  channel  S 
to  channel  2.  During  diis  step,  each  boxcar  event  was  checked  to  insure  duu  it 
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nested  appropriately  widiin  die  boxcar  signals  of  die  downstream  channels.  If  it 
did  not,  it  was  labeled  as  a  false  shock  and  flagged  to  be  ignored  in  further 
analysis.  These  false  shocks  may  be  do  to  electronic  nmse  or  turbulence 
fluctuadtms  not  caught  by  the  TIM  and  typically  made  up  less  than  0.2%  of  any 
data  set  The  number  of  upstream  md  downstream  shock  sweeps  between  any 
two  channels  were  tabulated  for  later  use. 

Following  determination  of  shock  sweeps,  ensenible-averaged  surface 
pressures  were  generated  following  die  variable-window  technique  oudined  in 
Sectitm  4.3.1.  Here,  however,  die  selection  oiterion  for  ensemble  exuaction  was 
sweep  lengdi  edone,  not  sweep  length  and  location  as  in  die  work  of  Etengil  and 
Dolling.  Thus  a  3-channel  upstream  sweep  from  channel  6  to  channel  4  provided 
ensembles  which  would  be  averaged  with  ensembles  extracted  for  upstream 
sweeps  from  channel  3  to  channel  1.  To  account  fcv  differences  in  transducer 
locations,  the  signals  were  phase  aligned.  The  ensembles  were  mapped  to  a  set  of 
pseudo-channels  such  that  the  beginning  of  the  triggering  event  (i.e.  upstream  or 
downstream  shock  sweep)  was  mapped  to  die  same  pseudo-channel.  The 
renoaining  channels  tocdc  on  the  same  position  relative  to  the  starting  channel  as  in 
die  true  channel  arrangement  Additionally,  local  P^o  was  removed  from  each 
ensemble  to  provide  a  common  reference.  An  exanqile  of  this  process  is 
illustrated  in  Fig  S-8. 
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A  shock  passage  on  any  channel  in  the  sequence  could  be  used  to  set  the 
center  of  the  ensemble  window.  If  die  channel  began  or  ended  the  sweep,  then 
die  triggering  event  was  also  a  shock  turnaround;  if  it  were  an  interior  channel, 
the  triggering  event  was  a  pure  sweqi.  CSiecks  were  made  to  insure  that  sweeps 
between  any  given  channel  pair  did  not  connibute  more  than  50%  of  the  total 
number  of  ensembles  and  hence  dominate  die  average.  Frequendy,  this  number 
did  not  exceed  about  30%  of  die  overall  ensemble  set 

Results  of  diis  analysis  are  presented  in  Hgs  S-9a  and  b  for  a  3-channel 
upstream  shock  sweep  and  Hgs  S-lOa  and  b  for  a  3-channel  downstream  shock 
sweep.  The  ensembling  window  was  centered  <m  die  second  chaimel  in  each 
case,  making  the  triggering  evoit  a  pure  sweep.  Conqiarison  of  the  pseudo¬ 
channel  ensemble  averaged  signals  in  Hgs  5-9a  and  5-lOa  reveals  a  wall  pressure 
signature  (labeled  *sig’  in  the  figures)  which  appears  at  successively  later  tunes 
with  increasing  downstream  distance.  This  sigiutture  is  coincident  with  the  foot 
of  die  shock  at  T  «  0.  The  peak-to-peak  anqilitude  of  the  pressure  pulse  is 
approximately  0.01  psi  (68.9  Pa;  .015  has  a  duration  of  between  75ps 

and  100  ps  (32  -  4.3  5jAJ. )  for  types  of  sweep.  The  two  signatures  differ  in 
that  die  upstream  sweep  signature  is  fall-rise-fall  while  the  downstream  sweqi 
signature  is  rise-faU-rise.  Ihicking  die  leading  peak  of  these  signatures  in  i^iace 
and  time  gives  a  convection  velocity  of  about  0.75U  .  Changing  the  triggering 
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sweq)  length  or  the  channel  cm  which  the  ensembling  window  was  centered  did 
not  affect  the  period,  amplitude,  or  speed  of  the  signature. 

The  results  are  very  similar  to  those  of  Erengil  and  Dolling  [1991b]  for 
shock  tum-anxinds.  I^ure  to  firui  similar  signanites  for  shock  sweeps  in  die 
previous  work  is  attributed  here  to  an  insufficient  number  of  ensembles. 
Experience  from  die  current  study  indicates  diat  a  minimnm  of  180  to  200 
ensembles  are  lequiied  to  bring  out  the  characterisdc  pulse  from  the  surrounding 
signal  Erengil  and  Dolling  used  only  149  and  161  ensembles  in  their  upstream 
sweep  and  downstream  sweqi  anal^is,  reflectively. 

The  signature  characteristics  are  enhanced  furdier  by  combining 
ensemble-averaged  signals  from  several  different  runs.  While  individual 
ensemble-averages  from  each  run  were  wei^ted  by  die  number  of  ensembles 
used  to  generate  the  signal  cate  was  taken  to  insure  that  no  individual  run 
contributed  inordinately  to  the  overall  ”super-ensemble".  Ensemble-averaged 
signals  of  diis  type  for  the  3-duuinel  sweep  cases  are  presented  in  Hgs  5-11  and 
5-12.  These  figures  also  show  the  pressure  signature  continuing  ro  move 
downstream  even  after  passing  under  die  shock.  The  stronger  signal  associated 
widi  the  downstream  modon  is  consistent  with  the  finding  of  Marshali  [1989]  diat 
"the  shock  has  a  mote  planer  character  while  moving  downstream  than  while 
moving  upstream." 
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It  is  concluded  from  these  findings  that  local  shock  motion  (as  defined  by 
the  passage  of  the  separation  shock  over  a  single  transducer)  is  associated  with  a 
disdiict  wall  pressure  signature  which  convects  into  the  interaction  frcnn 
upstream.  This  signature  is  coincident  widi  the  shock  foot  at  the  time  of  the 
motion.  The  character  of  die  pressure  signature  (fall-rise-fall  or  rise-fall-rise)  is 
tied  to  die  directitm  of  local  shock  motion  (iqistream  or  downstream, 
respectively).  These  signatures  are  independent  of  die  global  shock  motion  (the 
streamwise  motion  of  the  shock  as  defined  by  data  finom  several  wall  pressure 
transducers).  This  finding  is  contrary  to  findings  of  die  previous  work  of  Erengil 
and  Dolling  [1991b]. 

5.1.3  Coirelatitms  with  Upstream  Pitot  Ressure  Fluctuations 

A  model  tying  tenqxiral  variaticms  in  die  incoming  boundary  layer  to  the 
motion  of  the  separaticm  shock  was  suggested  by  Andreqpoulos  and  Muck  [1987], 
thou^  no  data  were  obtained  to  suppcnt  their  conclusions  direcdy.  As  part  of  the 
current  investigation,  fluctuating  pitot  jnessure  measurements  were  made  in  the 
incoming  boundary  layer  to  characterize  its  dynamic  behavior,  bodi  by  itself  and 
in  conjunction  with  the  separation  shock  motion. 

To  evaluate  the  above  model,  initial  emphasis  was  placed  on  quantifying 
the  time-varying  position  of  die  interface  between  the  freestream  and  boundary 
layer  as  a  function  of  height  above  the  surface.  Single  records  of  pitot  pressure 
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signals  at  three  different  heights  near  the  boundary  layer  edge  are  shown  in  Fig 
S-13,  al(»g  with  their  VITA  transfonnaticMis.  Periods  of  time  when  the  pitot 
probe  is  in  the  low  RMS  flow  of  the  fieestream  are  clearly  distinguishable  from 
the  high  RMS  signals  associated  with  die  turbulence  of  the  boundary  layer.  The 
periods  of  hi^  pitot  pressure  fluctuation  are  accenniated  by  the  VITA 
transfonnatitm.  Thus,  the  VTIA-based  algorithm  outlined  in  Section  4.2.2  was 
used  to  determme  boundary  layo*  edge  intermittency  and  interface  surface 
crossing  ftequency.  Selection  of  an  appropriate  averaging  window  (Ti^),  was 
based  <mi  maximizing  the  VITA  signal  RMS.  The  effect  of  varying  T,,  on  the 
VITA  signal  RMS  is  shown  in  Hg  5-14  for  various  probe  heights  and  san^ling 
firequencies.  Note  that  maximum  VITA  signal  RMS  values  ctxisistently  occur  for 
T^  between  30  and  50  its,  independent  of  probe  hei^t  or  sampling  fluency. 
For  uniformity,  a  window  of  40  4s  was  chosen  for  all  subsequent  aiudysis. 
Following  the  optimization  exanq>le  of  Section  A22  for  a  sine  wave,  this  value 
would  suggest  a  disturbance  period  of  about  72  ps,  which  is  very  close  to  the  wall 
pressure  signature  period  found  in  Section  5.I.2.2. 

The  VITA  threshold  was  chosen  as  described  in  Sectitm  4.1.2.  The 
sensitivity  of  to  Nju  is  plotted  in  Rg  5-15,  where  Nju  is  an  integer 
multiplier  of  die  mean  of  the  freestream  VITA  transformed  signal  From  this 
analysis,  a  multiplier  of  40  was  chosen  to  establish  die  VITA  dueshold. 
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The  boundary  layer  edge  intennittency  distribution  is  plotted  in  Fig  5-16 
for  locations  separated  by  as  much  as  10  inches  (25.4  cm;145j)in  the  streamwise 
direction.  The  results  are  consistent  for  this  study,  and  follow  the  characteristic 
Gaussian  error  function  (Hinze  [1975]).  The  data  are  compared  with  those  of 
Selig  et  al.  [1989]  at  M  =  2.95  and  the  incompressible  curve  fit  of  Klebanoff 
[1954]  (also  cited  in  Hinze).  The  close  parallel  between  the  curves  of  Klebanoff 
and  the  current  study  are  felt  to  refiect  appropriate  choices  of  T^^  and  Tj^.  The 
associated  interface  crossing  frequency  distributimi  is  presented  in  Fig  5-17. 
Note  that  the  maximum  value  of  f.  is  around  5  kHz,  which  is  sigrrificantly  higher 
than  the  maximum  zero-crossing  fineqirency  of  the  separation  shock.  Event-period 
histograms  for  both  boundary  layer  edge  and  separation  shock  motion  (^^dge  4 
»  0.50)  exhibited  similar  skewed  (iog-normal)  shapes.  The  most  probable 
boundary  layer  edge  period  was  about  110  ps,  while  that  for  the  separation  shock 
was  about  200ps.  These  values  translate  to  most-probable  event  frequencies  of 
10  kHz  and  6.67  kHz,  respectively. 

Further  attempts  to  examine  linkages  between  fluctuations  in  the  incoming 
boundary  layer  and  the  separation  shock  motion  were  carried  out  through 
simultaneous  data  acquisition  of  fluctuating  pitot  pressure  9.28  inches  (23.57  cm; 
13.35j)  upstream  of  the  comer  and  fluctuating  wall  pressures  within  the 
intermittent  region.  Probe  tip  positions  of  0.335j)jp^  -  l-3l8j)jjjjjj  above  the  wall 
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were  investigated.  The  streamlined  floor-mounted  probe  was  used  in  this  series 
of  experiments  to  minimize  interference  with  the  compression  comer  interaction. 
Nonetheless,  the  interaction  did  shift  upstream  distances  ranging  from  0.1  to  0.5 
inch  (0.25  to  1.27  cm)  from  its  undisturbed  position.  Preliminary  analysis 
reported  by  Gramann  and  Dolling  [1992]  determined  this  shift  to  be  associated 
with  the  separation  bubble  growth  and  that  the  shock  dynamics  were  not 
significantly  effected.  Subsequent  spanwise  surface  pressure  measurements  by 
MacKay  [1992]  have  shown  that  the  interference  decreases  with  spanwise 
distance  from  the  probe.  The  work  of  Gramann  and  Dolling  was  expanded  on  in 
the  current  study  to  include  additional  pitot  pressure  measurement  locations  and 
further  analyses. 

The  ensemble-averaging  technique  applied  in  Section  5. 1.2.2  was  also 
used  here,  but  due  to  the  increased  stieamwise  distance  between  the  surface 
transducers  and  the  pitot  probe,  a  time  shift  was  applied  to  the  pitot  pressure 
ensemble  window.  The  magnitude  of  this  shift  was  calculated  as  the  distance 
between  the  pitot  probe  tip  and  the  triggering  transducer  divided  by  the 
convective  velocity  of  the  surface  pressure  signature  (.75U^).  Varying  this  shift 
fimn  0.2  to  0.4  ms  did  not  significantly  alter  the  results  (Gramann  and  Dolling 
[1992]).  Local  shock  motion  was  used  to  trigger  ensemble  extraction.  Ensemble- 
averaged  signals  are  presented  in  Figs  5-18a-f  for  an  upstream  shock  sweep  and 
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in  Figs  5-18g>l  for  a  downstream  shock  sweep.  These  results  show  no  distinct 
signature  as  in  the  upstream  surface  jnessure  signals,  though  for  Y  <  0.95j)|^ 
there  is  a  gradual  decrease  in  pitot  pressure  for  an  upstream  shock  nootion  and  a 
gradual  increase  in  pitot  pressure  for  a  downstream  shock  motion. 

Cross-correlations  between  the  pitot  pressure  signal  and  a  surface  pressure 
signal  from  beneatfi  the  translating  shock  (y  *•  0.50)  are  presented  in  Fig  5-19. 
These  show  a  weak  but  increasing  correlation  as  the  pitot  probe  tip  is  placed 
deeper  in  the  incoming  boundary  layer.  Dividing  the  streamwise  distance 
separating  the  measurement  stations  by  the  time-delay  of  peak  correlation  gives  a 
convective  velocity  of  0.6U^  for  the  lowest  probe  positions.  (The  time-delay  of 
the  lesser  "spike"  between  the  primary  peak  and  t »  0  in  the  central  four  curves 
(labeled  ’sp’  in  Fig  5-19)  gives  a  convective  velocity  of  0.99U^.)  Cross- 
correlations  between  the  pitot  pressure  signal  and  the  separation  shock  boxcar 
signal  at  these  positions  showed  the  raw  cross-correlations  to  be  dontinated  by  the 
effect  of  the  separation  shock  motion  on  the  wall  pressure  signal.  Examination  of 
the  normalized  pitot  pressure  power  spectra  (Hg.  5-20)  reveals  an  increasing 
fraction  of  the  overall  signal  variance  to  be  contained  at  lower  frequencies  as  the 
wall  is  approached.  The  center  of  this  low  frequency  band  is  around  200  Hz,  as 
with  the  surface  pressure  spectra  beneath  the  translating  separation  shock  (Hg. 
5-5),  though  a  significant  anxHint  of  the  fluctuating  pitot  pressure  variance  is  still 
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contained  at  the  higher  ( >  2  kHz)  frequencies. 

Additional  analyses  were  carried  out  during  this  part  of  the  study  seeking 
a  possible  conelatitMi  between  the  motitm  of  the  separation  shock  and  that  of  the 
inoHning  boundary  layer  edge.  The  first  used  ensemble-averaged  VITA 
transformaticMis  of  the  pitot  pressure  signal,  again  triggering  on  local  shock 
moticMi.  Results  from  this  analysis  focussed  on  correlated  occurrences  of 
increased  turbulent  activity  in  the  inarming  flow.  The  second  applied  the  ERTA 
technique  of  Section  4.3,  where  die  evoit  pairs  were  associated  with  boundary 
layer  edge  and  separation  shock  moticMis.  Neither  approach  showed  any 
conelation  between  shock  motitm  and  boundary  layer  edge  nxrtion.  These 
findings,  coupled  with  the  high  value  of  (relative  to  and  the  cross¬ 
correlation  and  power  spectra  results  idrove,  give  no  indication  that  the  separation 
shock  moves  in  response  to  the  unsteadiness  of  the  freestreanVboundaiy  layer 
interface.  It  is  possible  that  the  pitot  pressure  measurements  were  made  too  far 
upstream  of  the  interaction,  fcH*  even  the  surface  pressure  signatures  were  very 
weak  at  this  station.  This  point  is  discussed  further  in  Chapter  8. 

52  Howfield  Downstream  of  the  Comer 

5.2.1  Mean  Pimt  Pressure  Profiles 

Mean  pitot  pressure  surveys  were  made  at  8  locations  along  the  ramp  face 
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to  examine  the  tune-average  flowfield  structure  downstream  of  the  comer. 
Surveys  were  made  perpendicular  u>  the  ramp  face.  All  surveys  extended  from 
the  ranq)  surface,  through  the  interaction,  into  the  inctxning  freestream.  The 
profiles  are  presented  in  Fig  5-21.  Curves  were  generated  by  averaging  pressures 
and  heights  over  20  amsecutive  data  points  widiin  a  vertical  window  <  0.007 
inch  (0.18  mm)  high.  Vertical  lines  mark  the  streamwise  station  at  which  the 
profiles  were  measured.  Arrows  omnect  these  lines  and  the  associated  survey. 
The  profiles  are  consistent  with  the  model  of  Settles  et  al.  [1976]  (Hg  2-1).  A 
region  of  retarded  flow  near  the  ramp  surface  extends  fiom  the  comer  to  X/S^  = 
0.86,  followed  by  a  nqnd  filling-out  of  the  pitot  profile  with  downstream  distance. 
The  outer  portion  of  the  flowfield  appears  to  be  dominated  by  a  weak 
shock/compressitxi  wave  system  near  the  comer,  which  has  coalesced  into  a 
single  shock  by  the  last  survey  staticm.  The  position  and  strength  of  the 
downstream  shock,  as  judged  by  the  data  at  X/5j  =  5.0,  agrees  with  those 
obtained  from  inviscid  thetvy  for  the  current  freestream  Mach  number  and 
compression  comer  angle.  Physical  constraints  prevented  surveying  any  further 
downstream. 

5.2.2  Fluctuating  Pitot  Pressure  Results 

Fluctuating  pitot  pressures  at  several  locations  along  and  above  the 
surface  of  the  ramp  were  simultaneously  acquired  with  surface  pressures  in  the 
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intennittent  region.  The  pitot  signals  were  first  examined  individually  for  trends. 
Fig  S-22  shows  1  record  of  data  at  Y  =  0.1  inch  (0.25  cm)  for  X  =  0.0, 0.2, 0.6, 
1.0,  1.5  and  2.5  inches  (0.0,  0.51,  1.52,  2.54,  3.81  and  6.35  cm).  Associated 
amplitude  probability  density  distributicms  are  presented  in  Fig  5-23.  A  common 
characteristic  in  the  FDD’s  is  that  they  are  highly  skewed.  The  most  prevalent 
pitot  pressure  at  this  height  increases  gradually  over  the  region  (2  psia  to  22 
psia),  not  neariy  as  rapidly  as  the  pitcx  profiles  of  Fig  5-21.  Increase  in  the  pitot 
pressure  mean  is  seen  in  Fig  5-22  to  be  due  to  more  firequent  high  pressure  bursts 
entering  the  regimi.  For  X  ^  1.0  inch,  the  value  at  which  the  peak  occurs  is 
ccmsistent  with  die  surface  pressure  value  found  by  Gramann  [1989]. 

The  effects  of  varying  height  on  the  character  of  the  pitot  pressure  signal 
are  shown  in  Figs  5-24  and  5-25.  (Note  that  Rg  5-25  covers  two  pages.)  These 
data  were  obtained  at  X  =  0.2  inch  (0.51  cm),  at  heights  of  0.1-0.7  inch  (0.25-1.78 
cm).  Three  modes  (peaks)  are  distinguishable  in  the  probability  density 
distributions  of  Fig  5-25.  Mode  1  is  that  discussed  in  conjunction  with  Fig  5-23; 
and  is  present  as  high  above  the  ramp  surface  as  Y  =  0.4  inch  for  this  streamwise 
location.  This  mode  is  found  as  far  downstream  as  X  =  2.5  inches  at  a  height  of 
0.3  inch.  Because  the  value  at  which  the  peak  occurs  does  not  vary  with  height 
above  the  ramp  for  a  fixed  streamwise  location.  Mode  1  is  believed  to  represent 
flow  conditions  beneath  the  separated  shear  layer.  The  streamwise  extent  to 
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which  this  mode  was  evident  indicates  diat  the  downstream  limit  of  the  unsteady 
reattachment  point  is  significantly  greater  than  deduced  by  Gramann  [1989] 
based  solely  on  surface  pressure  da^  It  is  possible  that  the  conditimial 
ensembling  technique  used  by  Gramann  may  not  have  been  sensitive  enough  to 
distinguish  flow  separation  further  downstream  than  X/S^  =  1-0  in  this  interaction. 

Mode  2  is  characterized  by  a  Gaussian  probability  density  distribution,  but 
with  a  mean  value  which  increases  with  both  distance  downstream  and  height 
above  the  ramp  surface.  It  represents  the  shear  layer  as  processed  by  upstream 
compressitms.  Mode  3  is  the  freestream  flow,  with  a  mean  value  of 
approximately  17  psia  (1 17  kPa)  and  an  RMS  value  of  0.18  psia  (1.24  kPa).  Note 
that  the  pitot  pressure  is  slightly  below  that  expected  for  the  fiteestream  conditions 
(21  psia,  146  kPa)  due  to  the  28  degree  downward  pitch  of  the  probe. 

Multi-modal  behavior  of  this  type  was  also  observed  in  the  hot-wire  data 
ofSeligero/.  [1989]  for  a  24  degree  compression  comer  at  Mach  3.  Locations  at 
which  the  dual  peaks  in  the  FDD  yimt  found  coincided  with  locations  of  largest 
turbulence  intensity.  As  discussed  in  Chapter  2,  the  authors  attributed  this  feature 
to  either  streamwise  or  spanwise  vmticies.  Results  from  the  current  study, 
however,  indicate  that  an  alternative  explanation  lies  with  the  time  varying 
location  of  the  upstream  separation  pcnnt  and  associated  shock. 
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5.22.\  Frozen  Pitot  Pressure  Profiles 

Fluctuating  pitot  pressures  above  the  ramp  woe  studied  for  possible 
coupling  with  the  separation  shock  position  upstream  of  the  comer  (McClure  and 
Dolling  [1991]).  This  was  (kme  by  averaging  pitot  pressure  values  fnxn  a  given 
data  set  only  fcv  those  periods  of  time  when  the  separation  shock  was  located 
between  two  specified  surface  transducers.  Conditional  pitot  pressure  values 
obtained  in  this  manner  using  the  same  constraint  were  plotted  with  data  from 
other  streamwise  locatimis  and  heists  to  produce  "frozen"  profiles.  No  time  shift 
was  made  to  the  ensembling  window  (as  in  Section  S.1.2.2)  because  no  prior 
infoncoatitMi  was  available  to  provide  an  appropriate  "convective"  velocity.  If  the 
resultant  profiles  were  not  tied  to  the  separation  shock  position,  then  the  frozen 
profiles  would  be  the  same  for  diffoent  separaticm  shock  positions.  As  can  be 
seen  in  Fig  5-26,  however,  such  is  not  the  case.  These  data  show  that  as  the  shock 
moves  upstream,  the  pitot  profile  becomes  trxrre  retarded,  and  fills  out  as  the 
separation  shock  nooves  downstream.  The  match  in  pitot  pressure  for  all  cases 
very  near  the  comer  (the  lowest  point  at  X  =  0.0)  and  in  the  freestream  (the 
highest  point  at  X  =  0.2,  X  »  0.6,  and  X  =  1.0  inch)  supports  the  validity  of  the 
resulting  profiles,  as  these  locaticms  would  see  different  values  of  pitot  pressure 
mly  wlwn  the  separation  shock  reached  the  limits  of  its  travel.  This  breathing 
behavior  of  tiie  comer  flowfield  supptnrts  the  fiixlings  of  Kussoy  et  al.  [1987]  in  a 
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flared  cylinder  interaction  based  on  conditional  laser  doppler  measurements,  and 
of  Gramann  and  Dolling  [1990]  from  fluctuating  surface  pressure  nneasurements 
in  a  compression  comer  interaction. 

Mean  pitot  pressure  values  from  Hg  5-21  are  also  shown  in  Fig  5-26.  The 
discrepancies  between  the  mean  values  obtained  flom  the  fluctuating  pitot 
pressure  probe  and  the  conventional  pitot  probe  prompted  further  investigation. 
Three  possible  explanations  were  examined.  Imt,  because  of  the  way  in  which 
the  profiles  are  plotted  here,  differences  in  position  would  show  up  as  differences 
in  pitot  pressure.  This  would  appear  as  a  ctmstant  offset  in  the  profile  (as  seen  in 
the  fineestream  results  at  X  =  0.2,  differences  in  probe  placement  for  a  given  ramp 
position  varied  by  less  than  0.046^,  and  so  should  contribute  only  slightly  to  any 
discrepancy.  Second,  the  diameto’  of  the  Kulite  tip  was  2.5  times  that  of  the 
conventional  probe  height  Such  a  diffnence  might  lead  to  integration  of  over 
a  larger  distance  and,  hence,  contribute  to  differences  in  pressure  values.  This 
would  be  particularly  true  in  regions  of  large  gradients.  Comparison  of  mean 
pitot  pressure  profiles  downstream  of  the  boundary  layer  manipulator  (discussed 
in  Chapter  7),  however,  showed  good  agreement  even  through  the  gradients  of 
the  BLM  wake.  A  third  possibility  is  that  the  tubing  separating  the  transducer  and 
measurement  orifice  of  the  conventicmal  pitot  probe  may  be  sensitive  to  the 
existence  of  multiple  peaks  in  the  IDD’s.  The  largest  discrepancies  in  Fig  5-26 
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(Y  =  0.3  inch  and  Y  =  0.4  inch)  correspond  to  the  largest  pressure  differences 
between  Modes  1  and  2  (Hg  5-25),  with  the  conventional  pitot  results  clearly 
favoring  the  higher  peak.  The  argument  is  akin  to  that  put  forward  by  Shau  and 
Dolling  [1990]  for  sitnilar  differences  observed  in  their  study  of  a  conqnvssible 
shear  layer.  In  that  study,  differences  found  in  the  mean  pitot  pressure  values 
near  the  edge  of  the  shear  layer  were  attributed  to  the  "skewness  of  fluctuating 
signal." 

Interpreting  the  results  of  previous  investigations  in  light  of  the  current 
study  suggests  that  the  high  turbulence  levels  found  downstream  of  the  comer 
are,  to  a  great  extent,  variations  due  to  a  flapping  turbulent  shear  layer.  The 
position  of  the  shear  layer,  in  turn,  cmrelates  with  that  of  the  separation  shock 
upstream  of  the  comer.  While  it  is  not  possible  to  fully  separate  the  shear  layer 
motion  from  the  motion  due  to  turbulent  flow  contained  within  a  single-point 
measurement,  it  is  clear  that  fluctuations  immediately  downstream  of  the  comer 
are  dominated  by  the  former. 

5.2.2.2  Pitot  Pressure  Events 

In  the  same  way  that  the  separation  shock  position  upstream  of  the  comer 
could  be  deduced  from  the  multi-modal  surface  pressure  signals,  relative  shear 
layer  position  was  detennined  from  the  multi-noodal  pitot  pressure  signals.  Here, 
Mode  1  takes  the  place  of  P^  in  establishing  event  thresholds.  The  resulting 
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event-boxcar  signal,  therefore,  takes  on  a  value  of  zero  when  the  shear  layer  is 
above  the  measurement  position,  and  a  value  of  one  when  the  probe  is  within  or 
above  the  shear  layer.  Maximum  shear  layer  zero  crossing  values  from  this 
analysis  increased  ftom  3  to  5.5  kHz  with  distances  downstream  of  the  comer 
(Rg  5-27).  The  difference  between  f^)^  of  the  separation  shock  and  that  of  the 
shear  layer  is  attributed  to  the  turbulent  flow  superimposed  on  the  flq)ping  of  the 
shear  layer,  which  in  turn  produces  higher  frequency  oscillations  in  the  shear 
layer  boundary.  Note  that  this  value  is  very  close  to  that  found  for  of 

the  incoming  boundary  layer. 

The  timing  between  the  motion  of  the  separation  shock  and  that  of  the 
shear  layer  was  studied  using  the  event-relative-timing-analysis  (ERTA) 
described  in  Section  4.22.  From  the  frozen  pitot  profiles  and  the  breathing  nxxlel 
of  the  ctvner  interaction,  the  event  pairs  of  interest  were  the  upstream  rise- 
downstream  fall  and  the  upstream  fall-  downstream  rise.  Upstream  boxcar  events 
are  associated  with  the  passage  of  the  separation  shock  over  the  wall  pressure 
transducer  while  downstream  boxcar  events  are  associated  with  motion  of  the 
bottom  of  the  shear  layer  across  the  pitot  probe. 

The  results  of  this  process  are  illustrated  for  both  event  pairings  in  Fig  5- 
28.  The  upstream  surface  pressure  transducer  is  the  same  for  all  cases  (X  = 
-1.165  inches),  as  is  the  height  of  the  pitot  probe  above  the  surface  (Y  =  0.2  inch). 
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Streamwise  position  of  the  pitot  probe  is  varied  as  in  Fig  S-22.  The  rolling 
average  window  spanned  three  points,  which  equates  to  30  ^s  for  the  sampling 
frequency  of  100  kHz.  Results  are  based  on  128  records  of  data.  Two  features 
are  noted.  First,  the  peaks  in  both  event  pairings  occur  at  negative  time 
separation,  which  indicates  that  the  downstream  event  (shear  layer  motion) 
predominantly  lags  the  upstream  event  (separation  shock  motion),  independent  of 
the  direction  of  shock  motion.  Thus,  while  the  separation  bubble  breathes,  the 
posititHi  of  the  upstream  limit  of  the  bubble  is  not  uniquely  correlated  with  the 
position  of  the  bubble’s  downstream  limit  Decreasing  clarity  of  the  event 
relationship  with  distance  downstream  of  the  comer  is  due  to  the  fact  that  the 
motion  of  the  shear  layer  is  part  of  the  breathing  bubble.  As  the  shock  moves 
downstream,  the  reattachment  location  on  the  ramp  face  moves  upstream  toward 
the  comer  and  the  shear  layer  moves  closer  to  the  ramp  face.  Examination  of 
ERTA  results  for  the  surface  transducer  located  at  X  =  -1.165  inches  and  the  pitot 
probe  at  X  =  1.0  or  1.5  inches,  but  with  Y  =  0.1  inch  clearly  shows  a  stronger 
event-pair  relationship  than  that  found  in  Fig  5-22  for  Y  =  0.2  inch  for  the  same 
streamwise  positions. 

The  second  feature  of  note  is  that  the  time  delay  at  a  fixed  streamwise 
location  is  the  same  fen*  both  event  pairs.  If  the  streamwise  distance  between  the 
measurement  stations  is  divided  by  this  time  delay,  the  resulting  velocity  is  of  the 
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order  of  the  velocity  of  the  incoming  freestreanL  To  reduce  the  uncertainty  in 
mis  value  of  velocity,  additional  data  were  obtained  at  500  kHz.  These  results  are 
presented  in  Fig  5-29  for  the  same  transducer  positioning  as  Fig  5-28,  but  only  for 
the  pitot  probe  located  at  the  comer  (X  =  0.0  inch).  Timing  of  the  peaks  gives 
convective  velocities  of  2697  ft/s  (822  nVs;  l.OTU^)  for  the  fall-rise  pair,  and 
2855  ft/s  (870  m/s;  1.13U^)  for  the  rise-fall  pair.  A  possible  explanation  as  to 
why  these  velocities  are  higher  than  is  that  both  events  are  seccmdary 
responses  to  another  primaiy  change  in  the  interaction,  with  the  separation  shock 
motion  following  primaiy  change  closer  in  time  (and  peitiaps  space)  than  the 
shear  layer  motion. 

5.3  Summary 

Re-examination  of  the  baseline  separated  compression  comer  interaction 
has  provided  additional  insight  into  the  time  dependent  nature  of  the  interaction; 
modifying  some  previous  ideas  and  independently  confirming  others.  Local 
motion  of  the  separation  shock  is  associated  with  a  signature  in  wall  pressure 
beneath  the  incoming  boundary  layo-,  which  convects  into  the  interaction  at 
0.75U^  and  is  coincident  with  the  shock  foot  at  the  time  of  its  motion.  The  period 
of  this  signature  is  between  75  and  100  ps,  but  its  shape  is  dependent  on  the 
direction  (upstream  ot  downstream)  of  the  shock.  Previously,  such  a  signature 
had  only  been  associated  with  global  shock  nootions,  specifically  changes  in  the 
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direction  of  the  separation  shock.  No  siimlar  signature  was  observed  in 
fluctuating  pitot  pressure  measurements  made  within  the  incoming  boundary 
layer.  Correlations  between  pitot  pressure  fluctuations  in  the  incoming  boundary 
layer  and  wall  pressure  fluctuations  beneath  the  separation  shock  nootion 
strengthened  with  decreasing  probe  distance  firom  the  wall.  Pitot  pressure  power 
spectra  near  the  wall  also  had  a  weak  low-frequency  content  not  present  higher  in 
the  boundary  layer.  No  evidence  of  a  correlation  between  the  motion  of  the 
separation  shock  and  position  of  the  boundary  layer/fteestream  interface  was 
found. 

The  interaction  downstream  of  the  comer  is  strongly  correlated  with  the 
position  of  the  separation  shock.  The  separated  shear  layer  rises  and  falls  as  the 
separation  moves  upstream  and  downstream,  respectively,  confirming  the 
breathing  behavior  of  the  interaction.  It  is  shown  here,  however,  that  the  motion 
of  the  downstream  edge  of  the  separation  bubble  generally  lags  the  motion  of  the 
upstream  edge  (i.e.  separation  shock).  Finally,  regions  above  the  ramp  face 
previously  noted  for  high  turbulence  levels  are,  in  fact,  regions  dominated  by 
fluctuations  associated  with  the  motion  of  the  separated  shear  layer. 


Chapter  6 

Downstream  Perturbations 


The  role  of  the  separation  bubble  in  the  motion  of  the  separation  shock  has 
been  argued  about  by  several  authors.  As  part  of  the  current  study,  perturbations 
were  ^plied  to  the  separation  bubble  of  the  baseline  conqnession  comer 
interaction  to  investigate  possible  linkages.  Two  basic  modifications  woe 
t^lied:  suction  through  a  slot  near  the  mean  reattachment  position  and 
alterationAemoval  of  the  model  side  fences. 

6.1  Effect  of  Slot  and  Suction 

The  location  and  type  of  suction  orifice  were  chosen  in  an  effort  to 
stabilize  the  point  of  shear  layer  reattachment  Data  were  obtained  for  the  slot 
configuration  without  suction  (S/NS),  as  well  as  for  with  suction  (S/S),  to 
investigate  the  effea  of  the  geometry  change  alone.  Data  were  obtained  for  three 
(S/NS)  "plumbing"  configurations:  1)  suction  plumbing  in  place  but  suctirm 
inactive,  2)  plumbing  removed  and  the  exit  hole  in  the  model  base  capped,  and  3) 
filled  noodel  plenum.  No  differences  were  observed  in  any  data  due  to  these 
modifications.  Tests  were  also  conducted  with  the  slot  filled  and  faired  flush  with 
the  ramp  face.  The  results  from  these  tests  were  consistent  with  those  of  the  no- 


98 


99 


slot  face,  confirming  that  changing  the  model  face  did  not  change  the  "global" 
geometry  of  the  ramp. 

Direct  measurement  of  slot  mass  flow  rate  was  made  difficult  by  several 
competing  factors.  First,  it  was  desired  to  maximize  mass  flow  rate  through  the 
slot  while  keeping  the  perturbations  to  the  overall  flowfield  caused  by  the  slot 
geometry  to  a  minimum.  This  required  a  small  slot  area  but  high  slot  velocities 
(i.e.  the  slot  flow  should  be  choked).  Second,  the  pressure  at  the  slot  entrance  was 
expected  to  be  very  low  2  psia),  so  little  pressure  difference  could  be  generated 
to  drive  the  mass  flow  through  the  slot  This  required  that  pressure  losses  in  the 
plumbing  system  (valve,  piping  and,  if  present  flow  meter)  be  minimized. 
Further,  low  pressure  at  the  slot  entrance  limited  maximum  expected  mass  flow 
rates  to  small  values  (.016  Ibm/sec,  7.1  g/sec).  Available  mass  flow  transducers 
which  matched  this  range  had  insufficient  cross-sectional  area  and  would  actually 
have  restricted  mass  flow.  Unknown  air  densi^  at  the  measurement  station  also 
prohibited  use  of  volumetric  flow  transducers  to  determine  suction  mass  flow  rate. 
As  an  alternative,  two  independent,  indirect  techniques  were  used  to  measure 
mass  flow  through  the  slot  The  first  ^)proach  used  the  pressure  increase  in  the 
vacuum  vessel  and  the  total  suctitm-on  run  time.  This  technique  resulted  in  a  slot 
mass  flow  rate  of  0.01 19  ±  0.0017  IbnVsec.  The  second  method  was  based  on  the 
pressure  difference  in  the  pipe  beneatii  the  noodel  (suction-<m  vs  suction-off).  Slot 
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mass  flow  rate  computed  in  this  manner  was  0.0122  ±  0.0005  Ibm/sec,  and 
indicated  little  variation  during  the  course  of  a  run.  Values  obtained  using  these 
two  techniques  were  very  repeatable  between  runs.  They  are  also  lower  than  the 
rate  that  would  be  calculated  assuming  the  flow  to  be  choked  within  the  slot 
(M,]ot  =  0.5),  implying  that  the  governing  restriction  was  at  the  valve.  In  terms 
of  incoming  variables,  the  slot  mass  flow  represented  3.4%  of  incoming  boundary 
layer  mass  flow  (per  unit  width)  or  11.3%  of  die  freestream  mass  flux  (per  unit 
area). 

6.1.1  Surface  Flow  Visualizatimi 

Kerosene-lampblack  surface  traces  of  the  interactitm  for  S/NS  and  S/S  are 
presented  in  Figures  6-la  and  b,  respectively.  The  slot  iqjpears  as  a  white  band 
just  downstream  of  the  comer.  Introduction  of  the  slot  places  the  separation  line 
1.25  inches  upstream  of  the  comer.  As  with  the  baseline  case  (Fig  5-1),  there  is  a 
slight  curvature  in  the  coalescence  line,  but  very  little  near  the  model  centerline. 
Application  of  suctitxi  draws  the  separation  line  to  0.4  inch  from  the  cmner. 
Curvature  of  the  separation  line  is  also  much  less  pronounced,  which  suggests 
that  the  effects  of  the  suction  were  two-  dimensional.  It  is  clear  that  insufficient 
suction  was  ^lied  to  totally  remove  the  separaticm  bubble.  Nonetheless,  the 
large  differences  in  the  size  of  these  two  separation  bubbles  and  the  associated 
changes  to  the  separation  shock  motion  provide  insight  into  the  role  of  the  bubble 
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in  driving  the  motion  of  the  separation  shock.  These  fillings  are  discussed 
below. 

6.1.2  Interacticm  Upstream  of  the  Ccvner 

Surface  pressure  measurements  were  used  to  quantify  the  effects  of  slot 
and  suction  on  the  overall  interaction  upstream  of  the  comer,  with  particular 
attention  paid  to  the  dynamics  of  the  separation  shock.  Examination  of  surface 
pressure  signals  showed  characteristics  similar  to  those  presented  for  the  baseline 
ctmfiguration  in  Hg  5-2.  Values  of  both  and  Op^  derived  through  the 
interaction  were  similar  to  those  measured  in  the  baseline  interaction. 

Streamwise  distributions  of  the  nmnalized  surface  pressure  mean  and 
RMS  are  presented  in  Fig  6-2  for  both  S/NS  and  S/S.  For  clarity,  symbols 
represent  average  values  over  all  runs  of  a  given  configuration  and  within  0.014 
inch  (0.02  cm)  streamwise  windows.  (Recall  that  minimum  center-to-center 
transducer  spacing  is  0. 1  IS  inch.)  Baseline  data  and  flow  visualization  separation 
points  are  also  plotted  for  reference.  The  overall  data  variation  about  these 
average  values  is  similar  to  that  shown  for  the  baseline  case  in  Fig  5-4.  A  one- 
transducer  streamwise  shift  has  been  made  to  some  of  the  data  to  provide  a 
consistent  data  base  for  the  curve  fits  carried  out  below.  The  streamwise  shifts  in 
the  interaction  found  in  the  separation  line  of  the  surface  tracer  patterns  are 


reflected  in  these  data  as  well. 
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The  changes  in  the  mean  surface  pressure  distribution  due  to  the 
introduction  of  the  slot  and  suction  agree  quantitatively  with  those  found  by 
Tanner  and  Gai  [1967]  for  a  16  degree  compression  comer  at  a  Mach  number  of 
1.93.  The  suctkm  slot  in  that  study  was  formed  by  raising  the  ramp  vertically 
above  the  tunnel  floor.  Cooq>arisons  with  the  current  study  are  shown  in  Table 
6-1. 


TuinerandGai 

Current  Study 

Slot  height 

.17-.33  6o 

•21  *0 

Suction  rate 

0 

pu«e 

0.52-0.58 

0.54 

(slot  alone) 

(%of  baseline  L|jj) 

150-160 
(initial  surface 
pr^urerise) 

149 

(Y=0.03) 

(slot  +  suction) 

(%  of  baseline  Lm) 

100 

(initial  surface 
pressure  rise) 

100 

(Y=0.03) 

Table  6-1:  Comparison  of  the  Effects  of  Slot-Alone  and  Slot-with-Suction  tm 


Q  here  refers  to  die  mass  flow  rate  per  unit  width  of  the  slot 
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Comparison  of  all  three  cases  in  Fig  6-2  (baseline,  S/NS  and  S/S)  clearly 
shows  the  increase  in  magnitude  and  streamwise  extent  of  the  interaction  due  to 
the  slot  The  RMS  peak  is  driven  by  the  dynamic  separation  shock,  and  the 
increase  from  baseline  to  S/NS  indicates  that  the  separatitHi  shock  is  stronger. 
The  fact  that  the  peak  does  not  decrease  between  S/NS  and  S/S  implies  that  this 
change  is  driven  by  the  geometry  of  the  slot  and  not  the  flowfield  between  the 
comer  and  L(jj< 

Separation  shock  intermittency  and  zero-crossing  frequency  distributions 
are  presented  in  Hg  6-3.  From  the  intermittency  distributitms,  comparative  length 
scales  of  the  extremes  and  extent  of  the  separation  shock  motirni  may  be 
determined  (Sectitxi  S.1.2.1).  These  data  are  shown  in  Table  6-2.  The  associated 
curve  fits  are  also  shown  in  Fig  6-3a. 


Xi(>b,0.03) 

8i 

X2(iM).97) 

6i 

X2-X, 

5i 

Baseline 

-2.18 

-121 

0.97 

Slot 

-3.26 

-1.70 

1.56 

Suction 

-2.19 

-0.17 

2.02 

Tkble  6-2:  Effect  of  Geometry  Change  on  Limits  of  Separatitm  Shock  Motion 
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The  effect  of  suctkm  is  seen  to  linearize  die  interauttency  distribudtm  near 
the  downstream  end.  A  consequence  of  this  effect  on  the  derived  lengths  in  Table 
6-2  is  tt>  place  the  downstream  limit  of  the  S/S  separatum  shock  closer  to  the 
comer  than  it  actually  is.  While  the  separatum  lines  frixn  flow  visualization  agree 
well  with  the  values  of  ^  baseline  and  slot  configurations  = 

1.11  and  1.79  reflectively),  a  large  discrepancy  exists  for  the  suction 
ccmfiguration  (Ug^Sj  =  0.57).  Replacing  the  curve-fit  value  for  wi* 
L,  ./8,  in  this  case  results  in  a  streamwise  range  of  the  separation  shock  of  1.625.. 

This  value  is  very  close  to  that  of  S/NS,  and  further  suggests  the  similarity  of 
separation  shock  motion  in  these  two  cases. 

A  third  indicator  of  the  dependence  of  the  separation  shock  on  model 
gemnetry  (and  not  on  the  separatitm  bubble)  is  presented  in  Figure  6-4.  As  in  Fig. 
5-7,  separation  shock  intermittency  has  been  plotted  against  normalized  surface 
pressure  RMS.  Data  from  the  baseline  ctmfiguration  differ  distinctly  from  the 
slcmed  configurations  (S/NS  and  S/S).  The  decrease  in  y  at  which  the  peak 
nonnalized  wall  pressure  RMS  occurs  is  also  ctmsistent  with  a  stronger  shock. 
The  wall  pressure  RMS  value  is  driven  by  both  the  passage  of  the  separation 
shock  and  the  turbulent  fluctuations  downstream  of  the  shock,  with  the  latter 
contributing  more  at  locations  of  hitter  intermittency.  The  peak  value  riuiuld 
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therefoft  be  located  somewhere  downstream  of  y  ==  0.5.  As  the  shock  strength 
increases,  the  shock  motion  will  become  the  dominant  influence  on  the  RMS  peak 
and,  hence,  drive  the  peak  toward  y- 0.5.  This  is  exactly  what  is  observed  in  Fig. 
6-4  whoi  comparing  die  results  of  the  baseline  and  slotted  models. 

Finally,  the  diock  zero-crossing  frequency  distribution  also  exhibits 
similarities  in  separation  shock  behavior  between  S/NS  and  S/S.  For  both  cases, 
fj^„  is  about  600  Hz,  compared  with  1  kHz  in  the  baseline  case. 

Using  the  empirical  equadmi  developed  by  Settles  er  al.  [1981]  for 
cmnpression  coiner  interactions  at  Mach  2.95,  the  change  in  between  the 
baseline  and  S/NS  is  consistent  widi  a  two  degree  increase  in  the  ramp  angle. 
This  might  be  due  to  an  expansion/compressitHi  wave  system  forming  at  the  lips 
of  the  slot  which  would  coalesce  with  and  reinforce  the  primary  inviscid  shock. 
As  discussed  below,  however,  such  structures  are  not  apparent  in  the  pitot  profiles 
above  the  ramp  surface.  Alternatively,  the  slot  may  locally  strengthen  the  shock 
system  near  the  comer,  resulting  in  both  the  higher  peak  surface  pressure  RMS 
and  the  increase  in  the  streamwise  range  of  the  separation  shock. 

6.1.3  Flowfield  Downstream  of  the  Cmner 

As  in  the  baseline  interaction,  mean  and  fluctuating  pitot  pressure 
measurements  were  made  in  the  flowfield  downstream  of  the  comer  for  both 
S/NS  and  S/S.  Results  of  conventional  pimt  probe  surveys  are  presented  in  Figs 
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6-Sa  andb.  The  location  of  the  slot  is  shown  on  the  horizontal  axis.  Conq)arison 
of  these  two  figures  and  Fig  S-21  show  changes  in  the  flowfield  consistent  with 
those  observed  in  the  interaction  upstream  of  the  comer.  For  surveys  made  at  the 
comer,  deviation  from  baseline  data  tq>pears  between  0.14  inch  ^  0.94  indi 
for  S/NS  and  between  0.06  inch  ^  Y  51 0J8  inch. 

Note  that  the  profiles  of  all  three  configurations  relax  back  to  the  same 
shape  downstream  of  the  comer.  The  position  and  strength  of  the  shock  wave  at 
the  most  downstream  survey  station  is  the  same  for  the  baseline,  S/NS,  and  S/S. 
Further,  the  most  downstream  baseline  and  S/S  profiles  are  virtually  identical, 
differing  only  slightly  through  the  lowest  0.35  inch  at  X^S.S  inch.  Thus,  any 
changes  due  to  the  introduction  of  the  slot,  including  those  to  the  inviscid  shock, 
are  rapidly  damped  out  (in  the  mean)  as  the  flow  moves  over  the  ramp. 

Fluctuating  pitot  pressure  signals  downstream  of  the  comer  for  S/NS  and 
S^  exhibit  similar  characteristics  to  those  found  for  the  baseline.  The  three 
modes  in  the  baseline  FDD’s  (Hg  5-25)  are  also  seen  in  Fig  6-6a  fOT  S/NS  and 
Fig  6-6b  for  S/S,  though  the  spatial  development  differs  as  reflected  in  the 
flowfield  scale  changes  of  Fig  6-5.  Ptessure  values  at  which  the  modes  occur  are 
also  comparable  with  those  found  in  the  baseline  interaction.  A  strong 
representation  of  mode  1  is  found  at  Y=0.4  inch,  X=1.0  inch  for  S/NS,  and,  to  a 
much  lesser  nctent  at  Y^O.S  inch,  Xsl.O  inch  for  S/S.  Given  the  presence  and 
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interpretation  of  this  mode  in  the  S/S  FDD’s,  it  is  clear  that  the  reattachment 
point  was  not  stabilized  with  the  amount  of  suction  applied  here. 

Frozen  pitot  profiles  were  generated  as  fra*  the  baseline  configuration  and 
are  presented  in  Fig  6-7.  Again,  the  profiles  correlate  with  the  separation  shock 
in  a  manner  consistent  with  the  breathing  bubble  model.  Event-relative  timing 
analysis  between  separation  shock  motitm  and  shear  layer  moticMi  was  applied 
with  the  pitot  probe  at  X=0  (Fig  6-8).  Peaks  for  both  the  rise/fall  and  fall/rise 
event  edge  pairs  occur  at  negative  values  of  t.  As  found  in  the  analysis  of 
Section  5.2.  ,  the  ^ear  layer  motion  predominantly  lags  that  of  the  separation 
shock.  Further,  the  convective  velocity  between  these  event-transitions  is  of  the 
order  of  the  fineestream  velocity.  Thus,  while  the  scales  of  the  S/NS  and  S/S 
interactions  vary  by  a  faaor  of  3  (based  rni  a  comparison  of  L.3.)>  the  quantities 
characterizing  the  flowfield  dynamics  remain  largely  unchanged. 

6.2  Effects  of  End  Fences 

The  study  of  the  effect  of  the  fences  used  to  insure  two  dimensional  flow 
over  the  ramp  was  carried  out  as  a  sensitivity  study  of  the  interaction  to  fence 
presence  and  position.  The  results,  given  the  findings  of  Section  6.1,  provide 
further  insight  into  the  role  of  the  separation  bubble  on  the  motion  of  the 
separation  diock  and,  hence,  are  repented  here. 
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6.2.1  Siuface  Flow  Visualization 

Surface  tracer  patterns  were  obtained  for  three  fence  conditions: 
extending  3.5  inches  forward  of  the  comer,  extending  2.5  inches  forward  of  the 
comer,  and  off.  Results  of  the  first  two  conditions  did  not  differ  and  were  as 
shown  in  Fig  5-1.  Removing  the  fences  reduced  L.^,  0.78  inch  (baseline)  to 

0.5  inch  (Fig  6-9),  which  is  comparable  to  L.^,  found  for  S/S.  Rippling  of  the 
separation  line  is  similar  tt>  that  found  for  the  other  cases.  Spillage  at  the  sides  of 
the  ramp  is  evident,  though  not  severe,  in  the  surface  tracer  patterns. 

6.2.2  Interaction  Upstream  of  the  CtHner 

Fluctuating  surface  pressures  were  measured  upstream  of  the  comer  for 
four  fence  configuration;  those  described  in  Section  6.2.1  and  with  the  fences 
extending  1.6  inches  forward  of  the  comer.  Normalized  surface  pressure  mean 
and  RMS  streamwise  distributitms  fcv  these  cases  are  presented  in  Fig  6-10. 
Differences  between  the  fence-on  ctxifiguratitm  ate  within  the  variation  seen  for 
the  baseline  (Fig  5-4).  The  location  of  the  fence-off  interaction,  however,  has 
moved  approximately  0.35  inch  downstream.  This  shift  compares  well  with  the 
shift  in  the  separation  line  of  the  surface  flow  visualization.  Removing  this  shift 
(Hg  6-11)  shows  that  region  of  the  intoaction  dominated  by  the  separation  shock 
motion  to  be  very  similar.  The  ^teamwise  shock  intermittency  and  zero-crossing 
frequency  distribution  (Fig  6-12)  support  this  conclusion. 
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6.3  Summary 

Four  different  interactions  were  generated  by  perturbations  downstream  of 
the  separation  line  for  the  same  compression  comer.  When  the  slot  was  not 
present,  L.^.  differed  by  a  factor  of  2,  yet  the  separation  shock  motion  was 
basically  the  same.  Similariy,  with  the  slot  present,  L.^.  differed  by  a  factor  of  3 
and,  again,  the  motion  of  the  separation  shock  was  basically  unchanged.  Finally, 
comparing  the  two  cases  with  the  closest  values  of  L.^.’  (S/S  and  baselineMo 
fences)  shows  distinctly  different  shock  motions.  These  results  indicate  that  the 
separation  bubble  does  not  play  a  direct  role  in  the  dynamics  of  the  separation 
shock.  If  it  did,  one  would  expect  that  these  large  variations  in  separation  bubble 
size  would  directly  influence  any  downstream  feedback  and,  hence,  the 
streamwise  extent  or  frequency  of  the  separation  shock. 

Based  on  these  findings,  it  is  suggested  that  the  downstream 
geometry/boundary  conditions  serve  to  establish  a  baseline  flowfield  with  an 
inherent  sensitivity.  The  motion  of  the  separation  shock  motion  is  a  result  of  this 
flowfield  reacting  to  perturbations  of  the  incoming  turbulent  flow.  This  model  is 
supported  by  the  results  of  Ihui  [1987]  shown  in  Fig  6-13.  Shocks  of  similar 
strength  and  sweep,  generated  by  different  geometries,  and  interacting  with  the 
same  incoming  turbulent  boundary  layer  produce  the  same  streamwise 
distribution  of  ncmnalized  wall  pressure  RMS. 


Chapter  7 

Upstream  Perturbations 


Dq)endence  of  the  separation  shock  motion  on  the  character  of  the 
incoming  turbulent  boundary  layer  was  examined  by  perturbing  specific  regicHis 
of  the  incoming  boundary  layer.  Changes  in  the  separation  shock  motion  were 
quantified  using  simultaneous  fluctuating  surface  pressure  measurements  from 
transducers  aligned  in  the  streamwise  direction  and  perpendicular  to  the  ramp 
comer  line.  Boundary  layer  perturbations  were  quantified  in  the  absence  of  the 
compression  comer  using  fluctuating  surface  pressure  measurements, 
conventional  pitot  pressure  surveys,  and  fluctuating  pitot  pressure  measurements. 

7.1  Boundary  Layer  Maiupulators 

A  schematic  of  the  test  configuration  for  the  boundary  layer  marupuiator 
(BLM)  study  is  shown  in  Fig  7-1.  BLM’s  were  noounted  with  their  lower  surface 
parallel  to  and  0.5  inch  above  the  tunnel  Hoot.  This  placed  the  BLM  at  0.75j. 
The  chmd  length  of  each  BLM  was  1.0  inch  (1.46j).  Both  the  height  and  chord 
length  are  consistent  with  those  used  in  incompressible  studies  of  LEBU’s  to 
obtain  optimum  drag  reduction.  The  chord  length  of  each  BLM  was  1.0  inch 
(1.45j),  Average  Mach  number  at  this  height  was  4.46.  The  trailing  edge  of  the 
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BLM  was  2.24  inches  upstream  of  the  comer.  The  lower  surface  of  the  BLM 
was  fiat  with  the  sharp  leading  and  trailing  edges  beveled  from  the  upper  surface 
at  either  15  or  35  degrees.  Two  angles  were  tested  to  distinguish  the  effects  of 
BLM  wake  structure  from  BLM  wave  structure  on  the  conqmssion  comer 
interaction.  This  orientation  placed  the  BLM  shock  wave  mostly  above  the 
boundary  layer. 

The  first  part  of  this  section  examines  the  effea  of  the  BLM  on  the 
compression  comer  interaction,  focusing  on  changes  in  the  motion  of  the 
separation  shock.  The  latter  part  quantifies  changes  to  the  mean  and  dynamic 
incoming  fiowfield  due  to  the  BLM  in  the  absence  of  the  compression  comer. 

7.1.1  Surface  Flow  Visualization 

The  surface  tracer  pattern  of  the  compression  comer  interaction  with  the 
15  degree  BLM  in  place  is  shown  in  Fig  7-2.  The  position  of  the  comer  (’C’), 
separation  line  (’S’),  and  BLM  trailing  edge  (’BLMTE’)  are  mariced  for 
reference.  No  disturbances  are  visible  upstream  of  the  comer  interaction  to 
suggest  a  shock  system  beneadi  the  BLM,  nor  the  introduction  of  any  three 
dimensional  disturbance  by  the  BLM  and  stmts.  The  separation  line  itself  is 
nominally  two-dimensional  and  is  0.56  inch  upstream  of  the  coma*  at  the  model 
centeiline,  which  less  than  that  for  the  baseline  interaction. 
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7.1.2  Fluctuating  Surface  Pressures  Upstream  of  the  Comer 

As  in  the  baseline  (undisturbed)  compression  interaction,  the  study  of  the 
separation  shock  nx)tion  in  the  BLM-perturbed  interaction  begins  with  a 
qualitative  assessment  of  the  streamwise  develqnnent  in  the  fluctuation  surface 
pressures.  Fig  7-3  and  7-4  present  such  developments  for  the  IS  degree  BLM 
interaction  and  35  degree  BLM  interactirm,  respectively.  Comparing  these 
figures  with  those  of  the  baseline  (Hg  S-2),  three  differraces  are  evident  First 
while  two  states  (see  Section  S.1.2.1)  are  visible  in  surface  pressure  signals  d,  e, 
and  f  of  Fig  7-3  and  signals  f,  g,  and  h  of  Fig  7-4,  the  distinction  between  the 
states  is  not  as  clear  as  for  the  baseline  signals.  Second,  noting  that  the  transducer 
spacing  is  the  same  for  Figs  5-2, 7-3,  and  7-4,  the  intermittent  behavior  associated 
with  the  translating  separation  shock  is  restricted  to  a  smaller  streamwise  range  in 
the  BLM-perturbed  interactions.  Both  of  these  changes  are  similar  to  those 
observed  by  Erengil  and  Dolling  [1992]  in  comparing  swept  to  unswept 
conqnession  comer  interactions.  Finally,  given  that  two  states  can  be  defined  in 
the  surface  pressure  signal  as  in  the  baseline  interaction,  both  P^o  and 
Op^  appear  higher  in  the  BLM-perturbed  interactions,  suggesting  an  inviscid 

compression  due  to  the  BLM.  Surface  pressure  PDD’s  (Hgs  7-5  and  7-6)  still 
exhibit  a  bimodal  shape,  but  the  peaks  of  the  modes  are  much  closer  than  for  the 
baseline  interaction  (Hg  5-3).  Note  that  since  P^o  downstream  of  the  BLM  may 
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vary,  no  shifts  are  ^plied  to  line  up  the  lower  nxxles  in  the  FDD’s.  FDD’s  for 
upstream  traces  with  basically  Gausaan  shapes  have  been  removed  for  clarity. 
Focusing  on  the  lower  ’incoming’  mode,  F^o  increases  by  an  average  of  13%  for 
the  IS  degree  BLM  configuration  and  8%  for  the  35  degree  BLM  configuration. 
Additionally,  Op^  increases  by  an  avoage  of  120%  for  the  IS  degree  BLM 
configuration  and  73%  fin*  the  3S  degree  BLM  configuration. 

Normalized  surface  pressure  mean  and  RMS  streamwise  distributions  are 
presented  in  Fig  7-7  for  both  the  BLM  and  the  baseline  configurations.  These 
clearly  show  diat  the  BLM  delays  die  onset  of  the  primary  pressure  rise, 
decreases  the  travel  of  the  separation  shock  and  decreases  the  magnitude  of  the 
peak  surface  pressure  RMS,  though  this  last  result  may  result  from  decreased 
spatial  resolution. 

The  effea  of  BLM  presence  on  separation  shock  intennittency  and  zero- 
crossing  frequency  are  presented  in  Fig  7-8.  Interaction  lengths  derived  from 
curve  fitting  the  shock  intermittency  data  are  presented  in  Ihble  7-1,  though  the 
decrease  in  spatial  resolution  makes  the  resulting  numbers  less  reliable  than  for 
the  baseline  interaction.  This  discrepancy  is  highlighted  by  the  difference 
between  (0.80)  and  (0.66)  for  the  IS  degree  BLM  interaction.  The 
associated  curve  fits  are  shown  in  Hg  7-8a.  The  maximum  zero-crossing 
frequency  increases  by  22%  fra-  the  IS  degree  BLM  interactitxi  and  by  4S%  for 
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the  35  degree  BLM  interaction. 


Xu-iM).03) 

8i 

8i 

X2-X1 

5i 

15®  BLM 

-1J8 

-0.66 

0.62 

35®  BLM 

-1.06 

-0.81 

0.25 

Table  7-1  Effect  of  BLM  or  Limits  of  Separatitm  Shock 

Motion 

Stieamwise  develqmient  of  die  nminalized  surface  pressure  power 
spectra  between  the  BLM  trailing  edge  and  the  compression  cmner  (Hg  7-9  for 
the  15  degree  BLM  and  Fig  7- 10  for  the  35  degree  BLM)  reflects  the  presence  of 
the  translating  separation  shock.  These  qiectra  ate  based  (hi  256  records  of  data 
sanqiled  at  200  kHz.  Streamwise  locati(His  are  the  same  as  for  the  wall  pressure 
signals  in  Figs  7-3  and  7-4.  Surface  pressure  variance  at  the  most  upstream 
l(XHttions  is  (kmunated  by  high  frequency  (2  kHz<0  fluctuadcnis.  Beneath  the 
translating  separatkin  sh(x;k,  there  is  a  shift  to  lower  frequencies  <200  Hz<f<10 
kHz),  as  found  in  the  baseline  intetacti(Hi  (Hg  5-5).  Finally,  as  the  downstream 
edge  of  tlw  intermittent  tegiem  is  approached,  higher  fluency  fluctuations  ooct 
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again  dominate  the  surface  pressure  variance  while  the  FDD’s  (Figs  7>S  and  7-6) 
return  to  the  Gaussian  shape  characteristic  of  the  fully  separated  region  just 
upstream  of  the  comer. 

7.1.3  Sq)arated  Shear  Layer  Motion 

Given  the  findings  of  Secticms  S.2.2.2  and  6.1.3  showing  a  relationship 
between  the  motion  and  location  of  tiie  separation  shock  and  separated  shear 
layer,  a  similar  analysis  was  carried  out  here  for  the  15  degree  BLM  perturbed 
fiowfield.  Fluctuating  pitot  pressure  measurements  were  made  at  X=0.  No  frozen 
pitot  profiles  were  generated,  but  an  event  relative  timing  analysis  was  performed 
using  separation  shock  and  shear  layer  boxcar  signals.  1024  records  of  data  were 
obtained  at  5(X)  kHz  to  provide  a  statistically  sufficient  number  of  both  types  of 
events  with  adequate  time  resolution.  Representative  results  are  provided  in  Fig 
7-11  for  a  surface  transducer  at  Xs-0.825  inch  and  the  pitot  probe  at  a  height 
Y=0.10  inch.  Peaks  in  both  the  rise-fall  and  fall-rise  histograms  are  well  above 
the  ’uncoirelated’  level.  The  time-delays  of  the  rise^all  peak  and  faU/rise  peak 
are  -16  ps  and  -12  ps,  respectively.  As  in  the  undisturbed  conq)ression  comer 
interaction,  the  nootitm  of  the  downstream  edge  of  the  separation  bubble  lags  the 
moticHi  the  upstream  edge  (separation  shock),  irrespective  of  the  directitm  of 


motion. 
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7.2  Effect  of  BLM  on  Incoming  Flowfield 

Having  established  the  ability  of  the  BLM  to  alter  the  motion  of  the 
separaticHi  shock,  it  remained  to  be  determined  how  the  BLM  had  altered  the 
incoming  flowfield.  This  section  presents  results  examining  such  changes  in  the 
absence  of  the  coiiqnessi<»  comer.  Fluctuating  surface  and  pitot  pressure  data, 
as  well  as  mean  pitot  pressure  surveys  were  used  to  quantify  these  changes. 

7.2.1  Fluctuating  Surface  Pressure  h^asurements 

Figure  7*12  presents  normalized  wall  pressure  power  spectra  at  several 
streamwise  locations  (  AX  «  1^  0.115  inch)  with  and  without  the  IS  degree 

BLM  in  place.  These  spectra  were  computed  fiom  256  records  of  data  sampled  at 
200  kH-^  The  most  upstream  station  is  0.04  inch  downstream  of  the  BLM  trailing 
edge  station.  The  qrectra  obtained  in  the  undisturbed  boundary  layer  are  virtually 
identical,  with  almost  all  of  the  wall  pressure  variance  being  ccmtained  in 
fluencies  above  2  kHz.  By  contrast,  a  low  frequency  ’bulge’  appears  in  the 
wall  pressure  q)ectra  just  downstream  of  the  BLM  (Hg  7-12b)  at  fcSOO  Hz,  then 
rapidly  disappear  within  0.58  inch  (nt^e  its  absence  in  Figs  7-12g  and  h).  Also 
note  that  the  q)ectra  in  Hgs  7-12g  and  h  are  similar  to  that  shown  in  Fig  7-9a  (for 
the  locatitm  0.115  in  (1(1)  downstream  of  that  fOT  7-12h)  with  the  conqnessicm 
comer  in  place.  This  suggests  that  an  equilibrium  has  been  reached  as  indicated 
by  die  wall  pressure  fluctuations  prior  to  die  separation  shock  oK  the  compression 
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comer  interaction. 

Rg  7-13  shows  the  stteamwise  variation  in  associated  with  the  power 
speani  of  Fig  7-12.  Normalization  is  by  the  average  undisturbed  value,  which 
represents  the  incoming  undisturbed  boundary  layer.  It  is  clear  that  the 
redistribution  of  the  variance  noted  above  is  accompanied  by  an  increase  in  the 
value  of  the  variance  itself.  The  ’outgoing*  value  of  Op^  is  almost  twice  that  of 
the  undisturbed  boundary  layer  (0.023  psia  versus  0.012  psia).  Though  the  value 
of  Pw  is  not  as  reliable,  ’outgoing*  Pw  increases  by  approximately  13%. 

These  surface  pressure  data  cleariy  show  that  the  boundary  layer  entering 
the  coDEQitession  comer  interactitm  has  been  altered  by  the  BLM.  Most 
significantly,  the  level  of  Op^  has  been  increased,  which  could  reflect  more 
vigorous  turbulent  activity  in  die  boundary  layer  or  that  die  shock  system 
associated  widi  the  BLM  has  raised  the  pressure  level  of  the  overall  flowfield. 
The  distinction  which  ptoccss  is  at  work  was  sought  through  the  flowfield  data 
discussed  below.  In  either  case,  die  wall  pressure  data  indicate  that  some  level  of 
equilibrium  has  been  reached  prior  to  the  compression  comer  interactitm. 

7.2.2  Mean  Rtot  Pressure  Measurements 

Rtot  inessure  surveys  were  made  downstream  of  the  BLM  trailing  edge  to 
determine  its  effea  on  the  flowfield,  widi  particular  enqihasis  on  nuqiping  die 
development  of  die  BLM  wake  and  wave  structure.  Surveys  were  carried  out  at 
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four  stieamwise  staticms  at  the  mid-span  of  the  BLM  using  a  single-tip 
(xmventicmal  pitot  probe.  Three  flowfields  were  examined:  no  BLM  (NBLM),  15 
degree  BLM  (BLMIS),  and  35  degree  BLM  (BLM35).  Additionally,  spanwise 
variatitMi  at  the  NBLM  and  BLM15  flowfields  were  examined  using  the  7-tip  pitot 
rake  described  in  Section  3.4.3. 

Streamwise  development  of  the  three  flowfields  are  shown  in  Figs  7-14a- 
c.  The  upper  dashed  tines  in  Figs  7-14b  and  c  trace  the  leading-edge  and 
traiUng-edge  shock  waves  fmn  the  BLM  (as  deduced  fmn  the  pitot  pressure 
measurements).  The  lower  dashed  line  tracks  the  center  of  the  BLM  wake.  The 
angles  of  diese  features,  as  determined  using  a  least-  squares  linear  fit,  are 
summarized  in  Ikble  7-2. 
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Table  7-2  Wave/Wake  Angles  Downstream  of  BLM 
as  Determined  from  Pitot  Pressure  Surveys 
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The  angle  through  which  the  fieestream  (M=4.9S)  must  be  turned  to 
generate  the  observed  leading  edge  shock  angle  is  also  included.  Pitot  pressure 
jumps  across  the  shock  are  consistent  with  this  turning.  The  slight  inclination  of 
the  wake  is  consistent  with  the  results  of  a  two-dimensional  inviscid 
shock/expansion  analysis  for  the  given  BLM  geometry  using  the  Mach  number  at 
Y=O.S  inch  in  the  boundary  layer  (Ms4.45). 

The  two-dimensionality  of  the  BLMIS  flowfield  may  be  judged  from  the 
pitot  rake  results  presented  in  Fig  7-15.  These  data  were  obtained  1.28  inches 
downstream  of  the  BLM  trailing  edge.  Because  of  the  rake  design,  no  data  could 
be  obtained  below  Y»0.2  inch.  Ncmetheless,  sufficient  height  is  traversed  to 
capture  all  significant  features  of  the  jnofile  and  establish  that  the  mean  flowfield 
is  nominally  two-dimensional.  Profile  repeatability  is  particularly  good  between 
the  five  center  stations  (Z=±1.0,  ±0.5,  0.0  inch).  A  similar  survey  4.0  inches 
downstream  of  the  BLM  trailing  edge  showed  increased  discrepancy  between  the 
outermost  profiles  (Z=  ±1.5  inch)  and  those  measured  at  the  other  stations, 
primarily  between  the  lower  edge  of  the  wake  and  the  trailing  edge  shock.  The 
central  2  inches  of  the  flowfield  remained  two-dimensional. 

Examination  of  these  profiles  indicates  that  the  BLM  (either  15**  or  35**) 
has  a  negligible  effect  on  the  pitot  profile  beneadi  the  BLM.  With  exception  of 
the  wave  structure,  diere  appears  little  change  to  the  mean  flowfield  to  which  the 
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observed  changes  in  the  conapressitm  comer  separation  shock  motion  may  be 
attributed 

7.2.3  Fluctuating  Pitot  Pressure  Measurements 

Fluctuating  pitot  pressure  measurements  were  made  at  several  streamwise 
locadmis  downstream  of  the  IS**  BLM  and  in  the  undisturbed  boundary  layer  to 
quantify  changes  in  the  time-varying  prqrerties  of  the  flowfield.  Data  were 
obtained  using  both  <me-  and  two-tip  probes.  The  latter  are  somewhat  more 
introsive  but  provide  simultaneous  multi-point  flowfield  data  through  and  across 
the  BLM  wake. 

Figure  7-16  presents  distributions  of  basic  statistical  moments  (mean, 
standard  deviation,  skewness  and  flatness  coefficient)  of  the  fluctuating  pitot 
pressure  signal  Data  are  fcv  the  IS**  BLM  flowfield  and  the  undisturbed 
boundary  layer.  Streamwise  position  is  measured  from  the  BLM  trailing  edge 
location.  Data  were  acquired  at  200  kHz  or  5(X)  kHz. 

Fig  7-16a  compares  mean  pitot  pressure  values  obtained  by  time¬ 
averaging  the  fluctuating  pitot  pressure  signal  with  those  measured  by  the 
conventional  pitot  probe  and  presented  in  Fig  7-14.  Agreement  between  the 
results  of  the  two  methods  is  generally  good,  though  the  mean  of  the  fluctuating 
data  is  slightly  lower  at  the  upper  edge  of  the  interaction.  The  same  type  of  shift 
was  observed  by  Shau  and  Dolling  [1990],  as  mentitmed  in  Section  S.2.2.1.  Also 
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note  that,  despite  the  severe  gradients  in  the  vicinity  of  the  BLM  wake,  the  mean 
of  the  fluctuating  pitot  pressure  measurement  agrees  well  with  the  value  obtained 
from  the  conventional  probe.  This  indicates  that  integration  across  the  larger 
Kulite  tip  is  not  a  problem  in  this  study. 

Pitot  pressure  RMS  distributitms  (Hg  7-16b)  exhibit  decreases  of  up  to 
56%  within  the  BLM  wake  when  compared  with  undisturbed  boundary  layer 
values.  This  decrease  in  activity  persists  through  the  surveyed  streamwise  range. 
Normalizing  by  the  local  mean  pitot  pressure  largely  eliminates  this  difference 
(Hg  7>17).  Little  change  in  the  RMS  is  seen  elsewhere.  In  contrast,  the  skewness 
and  flatness  coefficients  (Hgs  7-16c  and  d,  respectively)  show  greatest  sensitivity 
to  the  presence  of  the  BLM  near  the  height  of  the  undisturbed  boundary  layer 
edge.  Here,  both  coefficients  are  reduced,  suggesting  decreased  vertical  travel  of 
the  boundary  layer  edge.  As  with  the  mean  pitot  profiles,  no  significant 
differences  are  seen  in  any  of  the  pitcH  pressure  moments  at  heights  beneadi  the 
BLM 

Normalized  pitot  pressure  power  spectra  obtained  at  a  distance  1.3  inches 
downstream  of  the  BLM  trailing  edge  location  are  presented  in  Fig  7-18.  Fbr 
reference,  vertical  positions  of  the  pitot  probe  are  indicated  on  the  mean  pitot 
pressure  profiles  at  the  t(^  of  the  figure,  with  symbols  referencing  specified 
spectra.  The  low  frequency  ’bulge’  previously  noted  in  Hg  5-20  is  still  weakly 
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present  near  the  wall  (Hg  7-18a)  and  gradually  disappears  with  increasing  probe 
height  No  significant  differences  are  seen  between  the  NBLM  and  BLM15 
spectra.  Two  inches  further  downstream,  the  BLM  wake  flattens  the  peak  in  the 
power  spectrum,  but  results  just  above  or  below  this  point  show  the  change  to  be 
highly  localized. 

As  a  final  effmt  to  quantify  changes  to  the  dynamic  structure  of  the 
incoming  flowfield  due  to  the  BLM,  simultaneous  fluctuating  pitot  pressure 
measurements  were  made  at  several  Y-positions  downsovam  of  the  BLM  trail  ng 
edge.  The  probe  tips  had  a  fixed  vertical  separation  (AY)  of  0.16  inch  (center-to- 
center),  but  no  streamwise  stagger  (AX^^).  The  tips  were  nx>unted  to  a  single 
shaft  and  traversed  as  a  unit  through  the  flowfield.  Data  were  sampled  at  S(X)  kHz 
to  provide  adequate  timing  resolufitm  (2  ps). 

Figure  7-19  shows  cross-cmrelations  between  pitot  pressure  signals 
measured  1.25  inches  downstream  of  the  BLM  trailing  edge  location  and  at 
several  heights  above  the  flom*  in  both  NBLM  and  BLMIS  flowfields.  Time- 
averaged  pitot  pressure  values  are  m^rped  onto  the  mean  pitot  pressure  profile  at 
the  t(^  of  the  figure  to  allow  interpretatitm  of  the  cross-correlation  results  in 
reference  to  mean  flowfield  features.  Marker  pairs  indicate  the  vertical  position 
of  the  probe  tips  for  any  given  data  set  The  time-delay  was  applied  to  the  signal 
of  the  probe  tip  closest  to  the  wall. 
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For  each  cross-correlation,  the  tune  delay  of  Rjjy)nux 
NBLM  (XygL^  and  BLM15  (taLM)-  TWs  can  be  used  to  approximate  structure 

angles  in  the  boundary  layer  from  the  equation: 

p  =  atan(AY/UcT)  (7-1) 

where  ^  is  the  structure  angle  relative  to  the  fieestream  direction  and  is  some 
measure  of  structure  convective  velocity.  While  data  from  this  probe  have  been 
found  to  slightly  overestimate  structure  angles  due  to  the  size  of  the  sensing 
elements,  it  is  reassuring  to  note  in  Fig  7-19  that  re™ains  positive  throughout 
the  boundary  layer  and  decreases  as  the  freestream  is  approached.  These 
characteristics  indicate  that  the  structure  angle  is  less  than  90**  and  increases  with 
distance  from  the  wall. 

Examination  of  the  differences  in  cross-correlations  due  to  the  presence  of 
the  BLM  reveals  little  change  for  the  first  three  heights  (Hgs  7-19a-c). 
Surprisingly,  the  two  cases  where  the  probe  spanned  the  BLM  wake  (Figs  7-19b 
and  c)  produced  almost  identical  cross-correlations  as  for  the  undismrbed 
flowfield.  The  differences  seen  in  Hg  7-19d  can  be  directly  attributed  to  the  fact 
that  the  lower  tip  is  in  the  center  of  the  BLM  wake,  slowing  the  local  flow  and 
iiKneasing  the  time  difference  between  a  structure  passing  across  the  upper  probe 
and  its  subsequent  passage  over  the  lowor  probe.  The  negative  cross-correlation 
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observed  in  Fig  7-19e  (noting  that  the  values  have  been  multiplied  by  -1.0  to 
place  it  on  the  same  scale  with  the  other  data)  is  the  result  of  the  proximity  of  the 
upper  probe  tip  to  the  BLM  trailing  edge  ^ock.  As  the  lower  probe  experiences  a 
local  increase  in  pitot  pressure,  the  BLM  trailing  edge  shock  moves  downstream, 
placing  the  tip  of  the  upper  probe  upstream  of  the  shock  and  reducing  the 
measured  pitot  pressure.  Upstream  motion  of  the  BLM  shock  result  in  an 
increase  in  the  pitot  pressure  of  the  upper  probe,  and  is  associated  with  a  decrease 
in  the  pitot  pressure  of  the  lower  probe.  Oscillations  in  the  shock  position, 
therefore,  dominate  the  cross-correlation  at  this  height 

The  cdierence  spectra  associated  with  the  cross-correlations  of  Fig  7-19 
are  presented  in  Fig  7-20.  Again,  the  biggest  differences  associated  with  the 
introduction  of  the  BLM  are  seen  in  Hgs  7-20d  and  e,  and  are  attributed  to  the 
phenomena  discussed  above.  The  spacing  between  the  probes  makes  these  data 
insensitive  to  higher  frequencies.  However,  for  the  given  location  in  the 
boundary  layer,  the  coherence  spectra  should  be  dominated  by  the  larger  scales 
(Spina  [1988]). 

In  all,  introduction  of  the  BLM  was  found  to  do  little  to  the  dynamics  of 
the  downstream  flowfield.  Of  much  greato:  significance  was  the  resulting  wave 
structure  which  turns  and  compresses  the  inviscid  flow.  A  preliminary  study 
perfcnmed  in  the  current  facility  and  a  more  detailed  study  by  Settles  et  al. 
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[1981]  have  shown  that  the  scale  of  this  type  of  interaction  depends 
exponentially  on  the  compression  comer  angle.  The  reduction  in  the  conqniession 
comer  interaction  scale  and  strength  brought  about  by  introducing  the  BLM 
upstream  are  consistent  with  a  weako-  interaction  such  as  would  occur  by  turning 
the  flow  through  a  smaller  angle.  Further,  the  increased  ’pre-turning’  caused  by 
the  35**  BLM,  compared  to  that  due  m  the  IS**  BLM,  results  in  an  even  weaker 
compression  comer  interaction.  This  is  supported  by  the  results  of  Fig  7-7. 

7.3  Riblets 

A  separate  series  of  tests  was  conducted  to  examine  the  sensitivity  of  the 
compression  comer  interaction  to  alteration  of  the  near-wall  region  of  the 
incoming  turbulent  boundary  layer.  For  this  purpose,  an  18  inch  streamwise 
length  of  riblet  film  was  applied  to  the  tuimel  floor  just  upstream  of  the 
compression  comer  interactiem.  The  test  procedure  was  similar  to  that  used  for 
the  BLM  study:  first  quantify  changes  to  the  compression  comer  interaction,  then 
determine  what  effect  the  riblets  had  on  the  incoming  boundary  layer/flowfield. 

Results  of  the  influence  of  riblets  on  the  compression  comer  interaction 
are  presented  in  Figs  7-20  and  7-21.  All  riblet  data  are  within  experimental 
rq)eatability  of  the  baseline  (no-riblets)  compression  comer  interaction  results. 
Therefore,  the  riblets  produced  no  changes  to  either  the  wall  pressure  distribution 
or  the  separation  shock  behavior. 
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The  inspiration  for  this  pertinbation  study  came  from  the  experimental 
results  of  Robinson  [1988],  as  described  in  Secticm  2.5.  In  that  study,  near  wall 
(0.03  <  Y/5  <  0.16,  41  <  y"*"  <  217)  velocity  fluctuations  were  significantly 
reduced  in  a  Mach  3  turbulent  boundary  layer  (Re^  =  1S,(X)0).  The  riblet  field 
extended  565  upstream  of  the  measurement  station.  The  riblets  themselves  were 
of  the  same  cross-section  and  of  similar  wall-unit  dimensions  as  those  used  in  the 
current  study. 

Because  of  interference  between  the  wall  and  the  pitot  probe,  data  could 
be  obtained  no  closer  than  0.1  inch  fimn  the  wall  (as  measured  from  the  center  of 
the  transducer).  This  equates  to  Y/8j  =  0.14  or  y"*"  =  218,  and  is  the  extreme  limit 
of  the  riblet  influence  as  determined  by  Robinson.  No  differences  were  found  in 
either  the  basic  statistical  quantities  or  the  power  spectra  of  the  pitot 
measurements.  It  is  assumed  that  since  the  riblets  in  this  study  had  the  same 
cross-sectional  geometry  and  approximately  the  same  wall  dimensions  as  those 
used  by  Robinson,  suppression  of  near-wall  velocity  fluctuations  was  also  present 
here.  The  difference  in  Re^  between  Robinson’s  flow  (15,000)  and  that  of  the 
cunent  study  (33,000)  is  not  believed  to  substantially  alter  this  result,  based  on 
Robinson’s  finding  that  the  effect  of  riblets  on  the  turbulence  quantities  in  his 
study  were  similar  to  those  found  in  low-speed  flows  at  significantly  lower 
Reynokls  numbers. 
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7.4  Summary 

Efforts  to  effect  the  motitxi  of  the  separation  ^lock  by  perturbation  of  the 
incomingAipstream  flow  met  wifli  mumd  success.  The  BLM  effectively  reduced 
the  travel  and  strength  of  the  shock  wave,  while  increasing  its  frequency. 
Examination  of  both  the  mean  and  fluctuating  features  of  the  flowfield 
downstream  of  the  BLM,  however,  suggests  that  this  change  tt>  the  compression 
comer  interaction  was  brou^t  about  by  a  pre-turning  and  pre-conqnessing  of  the 
flow  upstream  of  the  ramp,  resulting  in  an  overall  weaker  ctunpression  comer 
interaction. 

Application  of  ribkts  upstream  of  the  comer  to  modify  the  conqnession 
comer  interacticm  through  altering  the  near-waU  turbulent  fluctuations  had  no 
measurable  effect  No  direct  measurement  was  made  to  confirm  alteration  of  the 
near-wall  region  of  the  incoming  boundary  layer  due  to  instrumentation 
interference  limitations.  It  is  assumed  that  near-wall  velocity  fluctuations  were 
suppressed  in  a  manner  similar  to  that  observed  by  Robinstm.  The  results  lead  to 
the  conclusion  that  near-wall  (y'''<220)  velocity  fluctuations  are  not  responsible 
for  the  moticHi  of  the  separation  shock  wave  in  the  ccnnpressimi  comer 


interaction. 


Chapters 

Flowfield  and  Driving  Mechanism 


The  purpose  of  this  cluster  is  to  summarize  the  current  understanding  of 
the  unsteady,  highly  separated  conqnessitm  comer  interaction  based  on  the 
findings  of  the  current  study.  Iiiq)licati(»s  for  further  study  of  this  type  of 
interacticm,  experimental  and  numerical,  are  discussed.  This  is  followed  by  a 
series  of  thoughts  on  the  mechanisms  contributing  to  the  nootimi  of  the  separation 
shock. 

8.1  Flowfield  Structure 

From  the  results  of  this  and  previous  woik,  it  is  clear  that  the  interaction 
downstream  of  the  separation  shock  is  inseparably  tied  to  the  motion  of  the 
separatum  shock.  Efforts  to  numerically  predia  such  flows  must  take  this  time 
dqmndence  into  account,  or  run  the  ri^  of  modeling  a  flow  which  may  reproduce 
qiecific  experimental  results  (i.e.  mean  surface  pressure  or  skin  friction 
distributions),  yet  not  accurately  predict  other  inqxntant  features  of  the  flow 
because  the  physical  model  is  incomplete.  Experimentalists  must  also  consider 
the  unsteadiness  when  interpreting  measurements.  This  specifically  applies  to 
’turbulence’  measurements  made  downstream  of  the  ranq)  comer  which  do  not 
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distinguish  between  the  large  scale  unsteadiness  of  the  flow  (as  reflected  in  the 
dynamic  behavior  of  the  separation  shock  and  the  associated  separated  shear 
layer)  and  fluctuations  due  to  turbulence.  Such  single  point  measurements  can 
only  lead  to  inccnrect  exclusions  about  turbulence  amplification  through  the 
interaction. 

Results  from  the  current  study  also  suggest  limits  on  the  understanding  of 
the  flowfield  that  may  be  obtained  solely  from  wall  pressure  measurements. 
While  these  measurements  may  be  made  in  a  nx-intrusive  maxer  and  do  track 
the  position  of  the  separation  shxk,  they  ooly  weakly  indicate  the  low  frequency 
oscillations  found  in  the  near-wall  regix  of  the  incoming  boxdary  layer,  and 
they  fail  to  indicate  the  fltqiping  motion  of  the  separated  shear  layer  downstream 
of  the  comer.  It  may  be  argued  that  the  former  feature  is  the  result  of  a 
shxk/boxdary  layer  interaction  set  up  by  the  pitot  probe.  However,  similar 
trends  in  hot  wire  data  of  Shau  [1991]  fx  this  bxndary  layer  using  a  probe  of 
significantly  different  geometry  suggest  that  this  is  not  the  case.  The  bimodal 
pitot  pressure  amplitude  probabili^  dxsity  distributions  from  this  study  (and 
similar  mass  flux  FDD’s  obtained  by  Selig  [1988])  show  the  dynamic  separation 
bubble  to  extend  significantly  further  downstream  of  the  comer  than  previxsly 
deduced  using  fluctuating  surface  pressure  measurements. 
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8.2  Driving  Mechanism 

While  no  direct  tie  has  been  established  between  the  motion  of  the 
separation  shock  and  other  features  of  the  flow,  several  observaticHis  from  the 
current  study  suggest  a  possible  division  of  roles  between  the  incoming  boundary 
layer  and  the  shock-generating  geometry.  As  regards  that  portion  of  the  flowfield 
downstream  of  the  separation  shock  motion  shows  no  direct  dependence  on 
the  size  of  the  separation  bubble.  I^irther,  motion  of  die  separated  shear  layer  is 
tied  to  that  of  the  separation  shock,  but  predominantly  lags  it  These  results  imply 
the  absence  of  any  feedback  mechanism  through  the  flowfield  downstream  of  ’S’, 
at  least  none  beyond  the  immediate  vicinity  of  die  instantaneous  separation  point 
If  a  disturbance  was  to  propagate  upstream  from  the  ranqi  comer  line,  its  strength 
would  be  expected  to  dissipate  with  distance  as  it  traveled  to  the  separation 
shock.  A  larger  separation  bubble  would  therefore  be  associated  with  a  different 
shock  motion  than  duu  associated  widi  a  smaller  bubble.  It  would  also  be 
expected  that  the  motion  of  the  shear  layer  above  the  comer,  being  closer  to  the 
disturbance,  would  precede  that  of  die  separation  shock.  Neither  of  these 
conditions  were  observed. 

Correlations  of  separation  shock  motion  and  incoming  boundary  layer 
dynamics  generated  mixed  results.  Perturbations  to  the  near  wall  region  of  the 
boundary  layer  (y*^  <  200)  had  no  effect  on  eidier  the  motion  of  the  separation 
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shock  or  the  overall  compressicm  comer  interaction.  The  maximum  interface 
crossing  frequency  of  the  boundary  layer  edge  was  found  to  be  about  five  times 
that  of  the  separation  shock  maximum  zero  crossing  frequency,  but  almost  equal 
to  the  itMTitniim  zero  crossing  frequency  of  the  separated  shear  layer. 

These  last  results  are  very  similar  to  those  found  by  Devenport  and 
Simpson  [1990]  within  the  unsteady  inccmpnessible  flowfield  upstream  of  a 
wing-body  junction.  In  that  study,  binoodal  velocity  histograms  were  observed 
between 

-0.86  <  X/S  <  -0.28  (as  measured  from  the  wing  leading  edge)  near  separaficm, 
which  led  the  authors  to  conclude  that  a  region  of  intermittent  backflow  was 
being  generated  by  the  recirculatimi  fluid  inqnnging  on  the  leading  edge  of  the 
wing.  Some  of  this  fluid  "comes  fnxn  the  outer  intermittent  part  of  the  boundary 
layer,"  and  the  instantaneous  extent  of  the  backflow  is  determined  by  the  whether 
that  contribution  originated  firom  a  low-momentum  boundary-layer  structure  or 
from  the  irrotational  freestream.  The  frequency  characterizing  the  intermittent 
region  was  20%  of  the  "typical  passage  frequency  of  structures  in  the  outer  part 
of  the  boundary  layer,"  a  relationship  nearly  identical  to  that  between  the 
maximum  shock  zeio-CTOssing  frequency  and  maximum  interface  crossing 
frequency  of  the  incoming  turbulent  boundary  layer  in  the  current  study.  Only  a 
fraction  of  the  incoming  structures,  therefore,  were  responsible  fOT  generating  the 
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backflow  "jet".  Further,  histograms  of  die  period  between  back-flow  to  zero-flow 
transitions  in  the  wing-body  interaction  exhibit  the  same  log-normal  shape  found 
in  the  histograms  of  the  period  between  separation  shock  crossings  (Hg  8-1). 

While  it  is  unlikely  that  dw  unsteady  flowfield  in  the  current  study  is 
driven  by  structures  inqiinging  oa  the  compression  comer  and  recirculating 
upstream  (Gramann  [1989]  reported  that  surface  pressure  FDD’s  from  the  ramp 
surface  were  close  to  Gaussian),  a  mechanism  similar  to  that  at  woiic  in  the 
flowfield  of  Devenport  and  Simpson  may  be  operating  here.  The  separation 
shock  represents  an  interface  between  die  flow  upstream  of  the  interaction  and  a 
region  of  backflow  upstream  of  the  cmner.  It  would  thus  be  a  result  of  the  flow 
separatkm,  and  not  the  cause.  This  idea  is  also  supported  by  the  finding  of 
’convective’  velocities  between  the  moticm  of  the  separation  shock  and  that  of  the 
separated  shear  layer  being  greater  than  U^.  The  difference  between 

is  explained  as  in  the  above  model.  Similarities  between  ^edge^max 
the  maximum  shear  layer  zero  crossing  frequency  are  due  to  the  continued 
downstream  travel  of  the  boumlary  layer  structures  within  the  separated  shear 
layer.  No  direct  correlation  was  fmind  in  this  study  between  the  motion  of  the 
boundary  layer  edge  and  that  of  the  separatkm  shock,  but  it  is  possible  that  the 
boundary  layer  measurements  were  made  too  far  upstream  of  the  interactitm. 

Correlations  between  fluctuating  pitot  pressure  measurements  in  the 
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inccHning  boundary  layer  and  fluctuating  wall  pressure  measurements  beneath 
the  separaticHi  shock  increased  as  the  pitot  probe  approached  the  wall.  A  greater 
portion  of  the  pitot  pressure  signal  variance  was  composed  of  low-firequency 
fluctuations  near  the  wall,  and  spanned  a  finequency  band  consistent  with  the 
dominant  frequencies  of  wall  pressure  power  spectra  beneadi  the  separation 
shock. 

Fluctuating  surface  pressures  measured  upstream  of  the  separation  shock 
also  exhibit  a  characteristic  signa&ire  which  seems  to  be  the  ’footprint’  of  a 
structure  that  ctmvects  downstream  and  is  coincident  with  the  separation  shock 
foot  at  the  time  of  its  motion.  The  nature  of  this  signature  varies  with  the  type  of 
local  shock  motion  (upstream  or  downstream). 

Together,  these  results  suggest  a  flow  model  in  which  the  shock¬ 
generating  geometry  is  reqxmsible  for  setting  the  strength  and  orientation  of  the 
’equilibrium’  interacotm,  which  is  then  perturbed  by  fluctuations  in  the  incoming 
turbulent  boundary  layer.  Sensitivity  to  these  perturbations  must  be  a  function  of 
the  ’equilibrium’  intoaction.  While  this  ’model’  is  not  definitive  and  represents 
another  change  in  explaining  the  primary  mechanism  responsible  for  the 
interacti<Mi  unsteadiness  (Dolling  and  Murphy  [1983],  Andreopoulos  and  Muck 
[1987],  Tran  [1987]),  it  is  based  on  a  nxffe  tlKxough  examination  of  the  flowfield 
and  benefits  from  imqnoved  conditional  analysis  techniques  which  focus  on  the 
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motion  of  the  separation  shock  as  the  appropriate  trigger.  Such  a  model  would 
account  for  differences  observed  in  shock  dynamics  within  the  same  incoming 
boundary  layer,  but  for  interactions  generated  by  different  geometries. 


Chapter  9 
Conclusioiis 


This  experimental  study  has  examined  the  unsteady  fiowfield  associated 
with  the  shock-induced  separation  of  a  turbulent  boundary  layer.  The  interaction 
was  generated  by  a  28**  unswept  compression  comer  in  a  Mach  S  airstream. 
PerturbaticMis  were  made  to  the  interaction  to  better  understand  the  mechanism 
responsible  for  the  separaticm  shock  dynamics,  as  well  as  to  demcmstrate  a 
method  of  controlling  the  shock  motion.  High  frequency  wall  pressure 
measurements  were  used  to  track  the  time-dependent  position  of  the  separation 
riiock.  Conventicmal  and  fluctuating  pitot  pressure  measurements  were  used  to 
quantify  the  spatial  mean  and  time-dependent  extent  of  the  baseline  and  altered 
interactions. 

In  light  of  the  specific  objectives  put  forward  in  Chapter  1.  the  findings  of 
this  study  indicate: 

1)  The  unsteady  motion  of  the  separation  shock  is  most  likely  due  to  fluctuations 
in  the  outer  portion  of  the  incoming  turbulent  boundary  layer  (Y/Sj  >  0.3)  acting 
cm  an  ’equilibrium’  interaction  set  up  by  the  inviscid  shock,  and  not  to  the 
feedback  of  disturbances  upstream  tiirough  the  separation  bubble. 

2)  The  streamwise  extent  of  the  separation  shock  nravel  and  overall  separation 
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bubble  can  be  reduced  by  a  weak  pre-compression  of  the  incoming  inviscid  flow 
by  a  flat-plate  manipulator. 

Modification  of  the  baseline  interaction  focused  on  two  regions  of  the 
flowiield.  Riblets  and  a  boundary  layo*  manipulator  were  separately  introduced 
upstream  of  the  interaction  to  alter  the  near-wall  and  outer  region  of  the  incoming 
boundary  layer,  respectively.  Suctitm  was  q>plied  through  a  slot  in  the  face  of 
the  compression  comer  to  alter  the  interaction  downstream  of  the  separation  line. 

Analyses  of  the  data  suppmt  the  following  exclusions: 

1)  Local  motix  of  the  separation  ^ock  is  associated  with  a  characteristic 
signature  found  in  the  ensemble-averaged  wall  pressure  fluctuations  beneath  the 
incoming  turbulent  boundary  layer.  The  signature  may  be  followed  in  space  and 
time,  convecting  downstream  toward  the  shock  with  a  velocity  of  0.75U^,  and  is 
coincident  with  the  separation  shock  foot  at  the  time  of  its  motion.  Signature 
shape  depends  on  the  local  shock  motix,  upstream  or  downstream.  This  result 
diffos  from  the  previous  finding  that  such  signatures  were  linked  to  specific 
global  shock  motixs.  Similar  signatures  were  not  fxnd  in  ensemble-averaged 
pitot  pressure  fluctuatixs  measured  within  the  inxming  boundary  layer,  though 
this  may  be  due  to  the  measurements  being  made  tx  far  upstream  of  the 
interactix. 

2)  Maxinuim  zero  crossing  frequency  of  the  separatix  shock  was  about  20%  of 
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the  maximum  interface  crossing  frequency  of  the  incoming  boundary  layer  edge. 
This  relation  is  sinoilar  to  that  found  by  Devenport  and  Simpson  [1990]  between 
separation  bubble  oscillations  and  incoming  boundary  layer  interface  crossing 
frequency  in  an  unsteady  incotiq)ressible  flow  upstream  of  a  wing-body  junction. 

3)  Onrelations  between  wall  pressures  beneath  the  translating  shock  and  pitot 
pressure  signals  within  the  incoming  boundary  layer  increased  significantly  with 
decreasing  Y/Sj.  Further,  low  frequency  fluctuations  (  <  2  kHz  )  were  found  to 
contribute  increasingly  to  the  pitot  pressure  variance  with  decreasing  Y/Sj  for 
Y/Sj  <  1.  The  range  of  these  frequencies  closely  matches  those  associated  with 
the  separation  shock. 

4)  Fluctuating  pitot  pressure  measurements  above  the  ramp  surface  indicated 
extensive  flapping  of  the  separated  shear  layer,  extending  more  than  3.S5j 
downstream  of  the  comer.  The  extent  of  separation  is  significantly  greater  than 
previously  determined  using  surface  pressure  measurements.  The  maximum 
frequency  of  this  motion  is  very  close  to  that  of  the  incoming  boundary  layer 
interface  crossing  frequency.  The  motion  and  position  of  the  shear  layer  are 
found  to  be  related  to  the  nootion  and  posititm  of  the  separation  shock,  following 
the  previously  determined  ’breathing  bubble’  model.  Current  data  shows, 
however,  that  the  relation  between  the  locatimi  of  the  upstream  and  downstream 
limits  of  the  bubble  is  not  one-to-one,  with  the  motion  of  the  downstream  edge 
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generally  lagging  that  of  the  upstream  edge. 

5)  Separation  shock  dynamics  are  not  directly  related  to  the  size  of  the  separation 
bubble  (as  defined  by  L.^.).  Introduction  of  the  slot  to  the  ramp  face  increased 
L.g.  and  strengthened  the  resulting  shock.  Applying  suction  through  the  slot 
decreased  L.^.  by  a  factor  of  three  but  did  not  ^ipreciably  alter  the  motion  or 
strength  of  the  separation  shock.  A  similar  value  of  L.^.  to  that  found  with  the 
suction  study  was  produced  by  removing  the  end  fences  from  the  no-slot  model. 
The  shock  dynamics,  however,  were  the  same  as  for  the  baseline  no-slot  model 
with  fences.  Coupled  with  the  findings  in  4),  this  suggests  that  the  motion  of  the 
separation  shock  is  not  driven  by  disturbances  which  propagate  upstream  through 
the  separated  region.  The  shock  nootion  may,  however,  respond  to  changes 
immediately  downstream  of  the  instantaneous  separation  point. 

6)  Using  riblets  to  suppress  the  near-wall  turbulent  fluctuations  of  the  incoming 
turbulent  boundary  layer  had  no  effect  cm  the  separation  shcmk  dynamics. 

7)  Use  of  a  single  plate  boundary  layer  manipulator  to  mcxlify  the  incoming 
flowfield  significantly  reduced  the  extent  of  the  overall  separation  bubble  and  the 
separation  shock  travel.  However,  flowfield  surveys  downstream  of  the 
manipulator  showed  this  change  to  be  due  to  pre-turning  and  compression  of  the 
inviscid  flow,  and  not  to  an  alteration  of  the  boundary  layer  dynamics. 

Combining  these  findings  with  those  of  previous  work,  it  is  most  likely 
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that  the  motion  of  the  separation  shock  is  driven  by  fluctuations  in  the  outer 
portion  of  the  incoming  boundary  layer  (Y/Sj  >  0.3).  Confirmation  of  this 
relationship  will  require  continuous,  non-intrusive  measurements  of  the  boundary 
layer  flow  just  upstream  of  the  interaction  obtained  simultaneously  with  some 
measure  of  the  separation  shock  position  and  motion.  The  shock-generating 
geometry  is  responsible  for  setting  up  an  ’equilibrium’  interaction  with  an 
inherent  sensitivity  to  the  incoming  disturbances.  The  sensitivity,  in  turn,  is  a 
function  of  the  interaction  strength  and  sweep/curvature. 


Appendix 
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Fig.  1<1:  Potential  Shock  Wave/Boundary  Layer 

Interaction  Locations  on  a  Hypersonic  Vehicle 
(Jackson  et  al  [1987]) 
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a/i. 


O  EXPERIMENT 

-  BASELINE  MODEL 

- RELAXATION  MODEL 

- PRESSURE  GRADIENT  MODEL 

- KINETIC  ENERGY  MODEL 


Fig.  2-2:  Comparison  of  Computational  and  Experimental 
Surface  Quantities  in  a  Mach  3, 24°  Compression 
Comer  SWTBLI 
(Horstman  et  al  [1977]) 


Fig.  2-4:  ComiMulson  of  Computational  and  Experimental 
Surfect  Quantities  in  a  Mach  3, 24°  Compression 
Comer  SWTBLI  (Wflcox  [1990]) 
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Fig.  2-5:  Time- Varying  Wall  Pressure  Signal 

Upstream  of  a  Supersonic  Forward  Facing  Step 
(Kistier  [1964]) 
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Fig.  2*6:  Enseinble>averaged  Pressure  Distributions 
(Erengil  and  Dolling  [1991a]) 
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Fig.  2-7:  Hot'Wire  RMS  Voltage  ProHles  in  a 
Mach  3  Turbulent  Boundary  Layer 
with  and  without  Riblets 
(Robinson  {1988]) 
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Fig.  2-8:  Effect  of  Boundary  Layer  Manipulators  on 
Freestreani  Interface  in  Incompressible  Flow 

a)  Intermittency 

b)  Interface  Crossing  Frequency 

(Opoi  qrmbols  «  undisturbed  boudnary  layer) 
(Filled  symbols  =  with  manipulators) 

(Chang  and  Blackwelder  [1990]) 
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Fig.  3-3:  Fluctuating  Pitot  Probes 
{z  Single  Ceiling  Probe 

(b)  Double  Ceiling  Probe 

(c)  Single  Floor  Probe 


154 


Flux  Measurements  in  the  Undisturbed  Boundary  Layer 

a)  Skewness  Coefficient 

b)  Flatness  Coefficient 
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(c)  Wall  pressure  PDD  of  512  records  (of  which  (b)  is  one) 

(d)  Resulting  box-car  signal  for  (b) 
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Transducer  Boxcar  Levels 

Position 


u/s  sweep  4-»2 
ud  turnaround  at  2 


d/s  sweep  2— >4 
du  turnaround  at  4 


Fig.  4-2:  Shock  Motion  Boxcar  Signal 


Fig.  4>3  Variabte-window  ensemble  averaging: 

(a)  Wall  Pressure  Signal  (Trigger  channel)  [1  record] 

(b)  Individual  Ensembles  (Trigger  channd)  [fh>m  (a)] 

(c)  Ensemble>Average  Signal  (Trigger  channel) 

[fh>m  entire  data  set] 


Fig.  4-3  Variable-window  ensemble  averaging  (concluded): 

(d)  Wall  Pressure  S^nal  (Follower  channel)  [1  record] 

(e)  Individual  Ensembles  (Follower  channel)  [from  (d)] 
(0  Ensemble>Average  Signal  (Follower  channel) 

[from  entire  data  set] 


(  *  ^nifiar  *  koDowcr  ) 


Fig.  4^:  Devdopment  of  Event  Rdative  Timing  Analysis 
(ERTA)  Histogram  for  a  Rise-Rise  Event  Edge  Pair 
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Event  Pair  =  Rise-Rise  (Upstream  Sweep) 

(a)  Wide  Observation  Window 

(b)  Focussed  Observation  Window 
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Fig.  4-5:  Example  of  ERTA  Applied  to  Separation  Shock  Motion  (concluded): 

Event  Pair  =  Fail-Fall  (Downstream  Sweep) 

(c)  Wide  Observation  Window 

(d)  Focussed  Observation  Window 
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Fig.  5-1:  Surface  Flow  Visualization  of  Baseline 
Interaction  Using  Kerosene-Lampblack 
Technique 


Surface  Pressure  Signals  Beneath  the 
Translating  Separation  Shock 
(1-record  / 1024  data  points) 
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Fig.  5-3;  Surface  Pressure  FDD’s  Upstream  of  the  Corner 
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Fig.  5-5:  Surface  Pressure  Power  Spectra  Beneath 
the  Translating  Separation  Shock 
(Sampling  Frequency  =  200  kHz) 
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a)  Intermittency 

b)  Zero*Crossing  Frequency 


Trigger  Conditim:  3-channel  Upstream  Sweep 


Channel  Sequence  Found:  6-»S->4 


True  Channels 


Ensemble  signals 
(minus  local  P^o) 


1  2  3  4  5  6  7  8 

□  □□□□□□□ 


Pseudo  Channels 


□  □□□□□□□□□□□□ 

I  2  3  4  S  6  7  8  9  10  11  12  13 


Channel  Sequence  Found;  3-»2-»l 


IriieOiannels 


Ensemble  signals 
(minue  local  P^o} 

□  □  □ 


1  2  3  4  5  6  7  8 

□  □□□□□□□ 


Pseudo  Channels  i  2  3  4  5  6  7  8  9  lO  ii  12  13 


Fig.  5-8:  Example  of  Pseudo-Channel  Mapping  of 
Surface  Pressure  Signals  for 
Ensemble-Averaging 


173 


Pressure  Time  Histories  for  a  3-Channel  Downstream  Sweep 
(Sweep  Channels  6  ->  7  ->  8;  Trigger  on  Channel  7) 
b)  Downstream  of  the  Separation  Shock 


Pressure  Time  Histories  for  a  3>Channel  Upstream  Sweep 
(Sweep  Channds  8  ->  7  6;  Trigger  on  Channel  7) 

a)  Upstream  of  the  Separation  Shock 


.005 


Pressure  Time  Histories  for  a  3-Channel  Downstream  Sweep 
(Sweep  Channels  6  7  8;  Trigger  on  Channel  7) 

a)  Upstream  of  the  Separation  Shock 


Pressure  Time  Histories  for  a  3-Channel  Downstream  Sweep 
(Sweep  Channels  6  ->  7  8;  Trigger  on  Channd  7) 

b)  Downstream  of  the  Separation  Shock 


Variation  in  Pitot  Pressure  Signals  and  VITA 
Transformations  within  the  Incoming  Boundary  Layer 
(Each  plot  contains  256  points;  T,t  =  40  ps ) 
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Fig.  5*18:  Variation  in  Upstream  Ensemble*Averaged  Pitot 
Pressure  Signals  with  Height  Above  the  Surface 
-Upstream  Sweep 
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Fig.  5-18:  Variation  in  Upstream  Ensembie-Averaged  Pitot 
Pressure  Signals  with  Height  Above  the  Surface 
•Downstream  Sweep 
(concluded) 


20  M  .60  .80  1.00 


Fig.  5*19:  Normalized  Cross-Corrdations  Between 

Upstream  Boundary  Layer  Pitot  Pressure  and 
Surface  Pressure  Beneadi  the  Separation  Shock 


Fig.  5>20:  Normalized  Fluctuating  Pitot  Pressure 

Power  Spectra  in  the  Incoming  Boundary  Layer 


Fig.  5-21:  Pitot  Pressure  Profiles  Above  Ramp  Surface 
•Baseline  Configuration 
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a)  X  =  0.0  inch 


b)X:s  0.2  inch 


c)  X  =  0.6  inch 


d)X=  1.0  inch  e)  X  =  1.5  inches 


f)  X  =  2.5  inches 


Fig.  5-22:  Variation  in  Pitot  Presnire  Signals  at 

Y  s  0.1  inch  with  Distance  From  the  Ramp  Comer 
(Each  plot  contains  1  record  of  data) 


Pro(Md»ility  Density 
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Fig.  5-23:  Variation  in  Pitot  Pressure  PDD’s  at 

Y  =  0.1  inch  with  Distance  From  the  Ramp  Corner 


Probability  Density 
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Fig.  5'25:  Variation  in  Pitot  Pressure  PDD’s  at 

X  =  0.2  inch  with  Height  Above  the  Ramp  Surface 
(concluded) 
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Fig.  5*28:  ERTA  of  Separation  Shock/Shear  Layer  Motion 
(Ypt  =  02  inch,  Xp«  =  -1.17  inches) 
a)Event  Pair  s  Risess  *  ^’'ailsL 
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a)  Xpt  =  0.0  inch  b)  Xp|  =  0.2  inch 


c)  Xpt  =  0.6  inch 


d)  Xpt  =  1.0  inch 


e)  Xpt  - 1.5  inches 


- 1 - 

N/N, 

•  ^ 

- 

.02 

1  “tCTO) 

.02' - ■ - 

-.2  0  .2 


f)  Xp,  =  2.5  inches 


Fig.  5-28:  ERTA  of  Separation  Sbock/Shear  Layer  Motion 
(Yp, «  0 J  inch,  =  -1.17  inches) 

b)  Event  Pair  =  Faliss  *  Risest 
(concluded) 


a)  Event  Pair  =  Risess’PailsL 

b)  Event  Pair  =  Fallss’Risest 
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Fig.  6*1:  Surface  Flow  Visualization  Using 
Kerosene>Lanipblack  Technique 
(b)  Siot/Suction 


a)  Normalized  Mean  Surface  Pressure 

b)  Normalized  Surface  Pressure  RMS 


b)  Zero-Crossing  Frequency 
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Fig.  6-4:  Comparison  of  Surface  Pressure  RMS  and 
Separation  Shock  Intermittency 
Varying  Ramp  Face  Geometry 


Probability  Density 


Variation  in  Pitot  Pressure  PDD’s  at 
X  =  02  inch  with  Height  Above  the  Ramp  Surface 
(a)  Slot/No  Suction 


Probabflity  Density 


Variation  in  Pitot  Pressure  PDD’s  at 
X  =  0^  inch  with  Height  Above  the  Ramp  Surface 
(b)  Slot/Suction 


Fig.  6-7;  Frozen  Pitot  Pressure  Profiles 
(a)  Slot/No  Suction 


Fig.  6-7:  Frozen  Pitot  Pressure  Profiies 
(b)  Slot/Suction 


(Xpt  =  0.0  inch,  Yp(  =  0.4  inch,  Xp^  =  -1.835  inches) 

a)  Event  Pair  =  Risess'Pallsi^ 

b)  Event  Pair  =  Fallss-RisesL 


c)  Event  Pair  =  Risess'FallsL 

d)  Event  Pair  s  Faliss'RisesL 


212 


Model 

Centerline 


R, 


Fig.  6<9:  Surface  Flow  Visualization  Using 
Kerosene-Lampbladc  Technique 
•Baseline/No  Side  Fences 


a)  Normalized  Mean  Surface  Pressure 

b)  Normalized  Surface  Pressure  RMS 


a)  Normalized  Mean  Surface  Pressure 

b)  Normalized  Surface  Pressure  RMS 


-Efrect  or  End  Fences  (with  c 

a)  Intermittency 

b)  Zero-Crossing  Frequency 


Fig.  6-13;  Surface  Pressure  RMS  Distributions  Varying 
Shock-Generating  Geometry  (Tran  [1987]) 
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Centerline 


Fig.  7-2:  Surface  Flow  Visualization  Using 
Kerosene-LAnipbiack  Technique 
w/  Boundary  Layer  Manipulator 


Surface  Pressure  Signals  Beneath  the 
Translating  Separation  Shock  (15°  BLM) 
(1-record  / 1024  data  points) 


surface  Pressure  Signals  Beneath  the 
Translating  Separation  Shock  (35°  BLM) 


a)  Normalized  Mean  Surface  Pressure 

b)  Normalized  Surface  Pressure  RMS 


a)  Intermittcncy 

b)  Zero-Crossing  Frequency 


Surface  Pressure  Power  Spectra  in  the 
15*’  BLM/Compression  Corner  Interaction 
(Sampiing  Frequency  =  200  kHz) 
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Fig.  7-10:  Surface  Pressure  Power  Spectra  in  the 

35°  BLM/Comprcssion  Comer  Interaction 
(Sampiing  Frequency  =  200  kHz) 


.016 


a)  Event  Pair  =  Risess-FaJls[^ 

b)  Event  Pair  =  Failss*RisesL 


BLMTE 


7-12:  Surface  Pressure  Power  Spectra  Downstream 
of  the  15°  BLM  TraUing  Edge 
(Solid  Line  =  without  BLM  /  Dashed  Line  =  with  BLM) 
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Pressure  Profiles  •  Undisturbed  Boundary  Layer 


L4:  Pitot  Pressure  Profiles  - 15°  BLM 
(continued) 


t4:  Pitot  Pressure  Profiles  -  35°  BLM 
(concluded) 
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Fig.  7-15:  Spanwi»  Variation  of  Pitot  Pressure  Pronies 
Xbbn  s  1.28  inches  - 15°  BLM 


Fig.  7-18:  Normalized  Pitot  Pressure  Power  Spectra 
Xhim  =  1.25  inches 
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Fig.  7-19:  Pitot  Pressure  Cross  Correlations 
^bim  =  1*25  inches 
(Upper  Probe  =  First  Channel) 


a)  Normalized  Mean  Surface  Pressure 

b)  Normalized  Surface  Pressure  RMS 


rn 


a)  Intermittency 

b)  Zero-Crossing  Frequency 
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Hme  betv(«en  events  (ms) 


□ 


0  0.2  0.04  0.06  0.08  0.10 


Time  between  events  (s) 

(symbols  iqnesmt  varying  distance  from  body  surface) 


Fig.8>l:  Comparison  of  Event  Histograms 

(a)  Shock  Crossings  in  Compression  Comer  Interaction 

(b)  Transitions  Between  Back*  and  Zero-Flow 
in  a  Wing-Body  Interaction 
(Davenport  and  Simpson  [1990]) 
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